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Solar activity variations of the Venus 
thermosphere/ionosphere 
J. L. Fox I and K. Y. Sung 
Institute for Terrestrial and Planetary Atmospheres, State University of New York at Stony 
Brook, New York, USA 
Abstract. We present models of the low and high solar activity thermospheres 
and ionospheres of Venus for a background atmosphere based largely on the VTS3 
model of Hedin et al. [1983]. Our background model consists of 12 neutral species, 
and we compute the density profiles of 13 ions and 7 minor neutrals. We find that 
the peak production rates of some ions, such as CO• + and N• +, vary approximately as
the solar flux and that some, whose parent neutrals are photochemically produced, 
such as O +, N + , and C +, show variations that are amplified over that of the solar 
flux. The solar cycle variation of the O• + density at its peak is about a factor of 1.6, 
in good agreement with the radio occultation measurements and previous models. 
The peak density of N• + varies by a factor of • 2, but that of CO + varies by a 
larger factor because the mixing ratio of CO is also correlated with solar activity. 
The atomic ions O +, N +, and C +, which peak at high altitudes, exhibit larger 
density enhancements at high solar activity of factors of 5-18. Thus there is a solar 
cycle variation in the overall composition of the ionosphere, with a relatively larger 
proportion of atomic ions at high solar activity. In both measurements and models 
the solar activity variation of the electron density profile is altitude-dependent, 
with variations of only -•60% near the peak but up to an order of magnitude near 
300 km. The high solar activity electron density profile exhibits an F2 "shoulder," 
which is rarely seen in the radio occultation data and may indicate that the VTS3 
atomic O mixing ratios are too large at high solar activity. We also discuss the solar 
activity variations of N, NO, C, O(1D), and O(1S). 
1. Introduction 
The atmosphere of Venus is composed mainly of COp. 
and N2; the thermosphere also exhibits significant den- 
sities of the photolysis products O, CO, C, and N, the 
photochemically produced species 02 and NO, and the 
light species H2, H, and He. In the lower thermosphere, 
CO2 is the major constituent, but O becomes more im- 
portant above altitudes of 150-160 km. The major dif- 
ference between the thermospheres of Mars and Venus 
is the greater abundance of O and CO on Venus, pre- 
sumably owing to its closer proximity to the Sun. In 
addition, Ar is much less abundant on Venus than on 
Earth or Mars. 
The electron density profile in the Venus ionosphere 
was first measured by the radio occultation experiment 
on Mariner 5 [t(lior½ et al., 1967] and by many sub- 
sequent spacecraft over the period 1974-1992 (see, for 
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example, the introduction in the paper by I(lior½ and 
Luhmann [1991]). The ionosphere that results from so- 
lar photoionization and photoelectron impact ionization 
has been modeled by many investigators over the last 
23 years [e.g., Chen and Nagy, 1978; Nagy et al., 1980; 
Cravens ½! al., 1981; Fox and Dalgarno, 1981; Fox and 
Victor, 1981; Fox, 1982a, 1982b; Kim ½t al., 1989; Fox 
and t(liore, 1997]. The in situ and remote-sensing mea- 
surements made by instruments on the Pioneer Venus 
(PV) spacecraft, which orbited the planet from 1978 
to 1992, have provided the most detailed description 
of the Venus thermosphere/ionosphere at high solar ac- 
tivity. Comparable in situ measurements at low solar 
activity are lacking, since periapsis of the PV spacecraft 
was outside the ionosphere during solar minimum peri- 
ods. Measurements were carried out, however, by the 
PV Orbiter Radio Occultation (ORO)experiment [e.g, 
Klior½ et al., 1979] at all phases of the solar cycle dur- 
ing the nearly 14-year life of the spacecraft. For a brief 
period of moderately low solar activity (F•0.7•120) in 
1992, the PV spacecraft carried out in situ measure- 
ments, which were mostly in the predawn sector, as it 
reentered the atmosphere. 
A summary of models of the Venus ionosphere before 
1983 has been presented by Nagy et al. [1983]. Nagy 
21,305 
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et al. [1980] modeled the density profiles of seven ions 
including both chemistry and transport and of three 
additional ions that were assumed to be in photochem- 
ical equilibrium. They compared their profiles to the in 
situ measurements of the PV Orbiter Ion Mass Spec- 
trometer (OIMS) [e.g., Taylor et al., 1980]. The day- 
side peak densities of 02 + measured by the OIMS were 
near 170 km, ..•30 km higher than the radio occulta- 
tion measurements indicated, and are probably anom- 
alous. Nevertheless, the other ion density profiles mod- 
eled by Nagy et al. [1980] showed good agreement, 
except for the mass-28 ions (CO + and N2+), N +, and 
C +. These discrepancies were mostly resolved by Foz 
[1982a], who showed that the chemistry of metastable 
species O+(2D), O+(2P), N(2D), and N(2P)is impor- 
tant in the production of N +, CO + , and N2 +. Foz 
[1982b] also showed that the C + profile could be re- 
produced when photoionization of ambient C was taken 
into account. 
Cravens et al. [1981] modeled the ionosphere below 
170 km as a function of solar zenith angle and for var- 
ious assumptions about the electron temperature and 
the underlying neutral atmosphere. They compared 
their model electron density profiles with those mea- 
sured by the PV ORO profiles during the first three 
seasons, in which the average values of F•0.7 were in 
the range 175-215. The peak densities from both the 
high solar activity PV measurements and the Venera 
9 and 10 radio occultation profiles [e.g., A leksandrov 
et al., 1976], which were obtained in 1975 at low solar 
activity, were also compared to those computed from 
Chapman theory [Chapman, 1931]. They showed that 
the solar zenith angle dependence of the peak electron 
density was well reproduced by Chapman theory and by 
their models. In contrast to Chapman theory, however, 
which predicts that the electron density peak rises as 
the solar zenith angle (SZA) increases, the altitude of 
the measured peak was shown to remain near 140 km 
from 0 ø to 700 SZA at high solar activity. This was 
explained as being due to the Collapse of the neutral at- 
mosphere, which compensates for the increase in path 
length as the solar zenith angle becomes larger. Cravens 
et al. also noted the occurrence of a ledge in the elec- 
tron density profile near 125 km, which they attributed 
to the absorption of soft X rays. 
Kim et al. [1989] computed density profiles of six 
ions below 180 km, including O2 +, O + CO2 + NO + H + 
and CO + , for low and high solar activity photochemical 
equilibrium models, and they compared their results to 
averages of 16 PV ORO profiles during solar maximum 
and 11 ORO profiles during solar minimum. Knudsen 
[1992] reviewed the structure, energetics, and solar cy- 
cle variability of the dayside and nightside ionospheres. 
based on measurements from the first 12 years of the Pi- 
oneer Venus spacecraft. Dalgarno and Foz [1994] have 
presented a comprehensive review of ion chemistry in 
planetary atmospheres (including that of Venus) and 
astrophysical environments. 
Many rate coefficients for relevant ion-molecule, neu- 
tral-neutral, and dissociative recombination reactions 
have been revised in the 10-15 years since most of the 
models of the ionosphere of Venus were constructed. 
Using updated values for the chemical rate coefficients 
and cross sections for photon and electron interactions 
with the background atmosphere, we model here the 
density profiles of 13 ions and 7 minor neutral species, 
with an emphasis on their variations with solar activ- 
ity. A preliminary version of this model was presented 
briefly by Fox and Kliore [1997]. We compare the re- 
suits to previous models and to the available in situ and 
radio occultation data. 
2. The Model 
Density profiles for CO2, N2, O, CO, N, and He and 
the neutral temperature profiles were taken from the 
VTS3 model of Hedin et al. [1983], which is based on 
measurements of the PV Orbiter Neutral Mass Spec- 
trometer (ONMS) [e.g., Niemann et al., 1980], nor- 
malized to the Orbiter Atmospheric Drag (OAD) data 
[e.g., Keating et al., 1980]. An 02 mixing ratio of 
3 X 10 -3 was adopted, as inferred by Paxton [1985] from 
the atomic carbon density profiles derived from the in- 
tensities of the C I 1657- and 1561-• airglow features 
measured by the PV Orbiter Ultraviolet Spectrometer 
(OUVS) [e.g., Stewart et al., 1979]. Eddy diffusion 
coefficients of 9 x 10•2/n ø'5 cm2s -• at high solar ac- 
tivity and 7 x 10•2/n ø'5 cm 2 s -• at low solar activity, 
where n is the total number density, were determined 
by one-dimensional fits to the VTS3 N2 profiles and 
used to construct the density profiles of 02, H, H2, 
At, NO, N, and C. The eddy diffusion coefficient in 
a one-dimensional model represents a combination of 
mixing due to large-scale winds and small-scale turbu- 
lence. One might expect the eddy diffusion coefficient 
to be larger at high solar activity than at low because 
the larger solar EUV fluxes at high solar activity lead 
to stronger thermospheric winds. Our derived values 
are, however, empirical and not based on any assump- 
tions about the cause of the increase. The eddy diffu- 
sion coefficient derived from the PV Bus Neutral Mass 
Spectrometer measurements was within a factor of 2 of 
1.4x 1013/nl/2 [von Zahn et al., 1980] and is therefore in
acceptable agreement with our high solar activity value. 
There is a large range in the measured values for the 
mixing ratios for the isotopes of Ar in the atmosphere 
of Venus. The total mixing ratio of 36At q- 38At + 
4øAt was measured by several instruments on Ameri- 
can and Soviet spacecraft. Values from 40 to 200 ppm 
were recorded, and the Venus International Reference 
Atmosphere recommended a mixing ratio of 704-25 ppm 
[von Zahn and Moroz, 1985]. Von Zahn et al. [1983] 
have argued that the gas chromatographic measure- 
ments are more reliable than the mass spectrometer 
measurements, since they are less subject to pumping 
problems and impurity leaks. We have chosen a value 
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of 60 ppm for total At, and we assumed that ~55% is in 
the form of 4øAt [von Zahn et al., 1983]. Thus the 4øAt 
mixing ratio at the bottom boundary was assumed to 
be 33 ppm. Since the 4øAt mixing ratio is so small, the 
effects of the error associated with this assumption and 
of the neglect of the other isotopes of Ar are insignifi- 
cant for our model. 
The solar maximum H density profiles were con- 
structed by varying the bottom boundary condition so 
that the densities in the 160- to 180-km region repro- 
duced those derived by Taylor et al. [1984] [see also 
Brinton et al., 1980] from simultaneous measurements 
of H +, O +, and O. Because the escape rates for H are 
larger at high solar activity, the H densities are anticor- 
related with solar flux [e.g., Hartle et al., 1996; Donahue 
et al., 1997; Grebowsky et al., 1995]. Using the same 
method in the predawn bulge region during the teentry 
period of the PV spacecraft, Grebowsky et al. [1995] 
showed that the H densities were larger by a factor of 
~ 6 at moderately low solar activity. We have assumed 
that the H densities are ~ 6 x 105cm -3 near 160 km 
in the low solar activity model and ~ 1 x 105 cm -3 in 
the high solar activity model. The H2 mixing ratio of 
1 x 10 -7 at the bottom boundary was adopted from the 
model of Yung and DeMote [1982]. 
The lower boundary of both models was assumed to 
be at 90 km, and the upper boundary of the high solar 
activity model was assumed to be at 400 km. Because 
the ionopause at solar minimum is observed to be lower 
than that of the high solar activity model, usually be- 
tween 200 and 300 km [e.g., Kliore and Luhmann, 1991], 
the upper boundary of the low solar activity model was 
taken to be 320 km. 
For the VTS3 model, F•0.7 was assumed to be 80 
at low solar activity and 200 at high solar activity, at 
equatorial latitudes, and 1600 hours local time; the so- 
lar zenith angle was therefore 60 ø. Figures la and lb 
show the background model atmospheres for 10 of the 
12 species for low and high solar activities, respectively. 
The density profiles of NO and C were computed self- 
consistently in the model and will be presented in sec- 
tion 5.2. Although N density profiles are given by the 
VTS3 model of Lredin et al. [1983], we also compute 
those densities and compare them to the VTS3 values. 
The solar fluxes longward of 18 • were taken from 
the SC•21REFW and F79050N spectra ofH. Hintereg- 
get (private communication, 1979) [see also Tort et al., 
1979], for low and high solar activities, respectively. In 
these spectra the continuum fluxes are given at 1-• res- 
• ' alia *•- - • muhon, •ne ,,uxes in the ..... solar lines are given 
as integrated fluxes at the individual wavelengths. For 
wavelengths in the 0.5-18 • range the high solar ac- 
tivity fluxes in 1-• bins were taken from the model of 
Ayres [1997, and private communication, 1997]. Solar 
activity variations increase with decreasing wavelength 
below ~ 2000 •, where they are in the 10-20% range, 
to factors of 2-4 in the 500-1500 • region. At shorter 
wavelengths the variation in the solar fluxes exhibits 
considerable structure, and the variability in the short- 
wavelength solar lines can reach factors of ~ 100. In the 
harder X-ray region the variations are larger, reaching 
factors of 10 3-- 10 5 for solar flares. Here we have some- 
what arbitrarily assumed that the fluxes shortward of 
18 • are a factor of 10 smaller at low solar activity than 
at high solar activity. This assumption may be an un- 
derestimate, and indeed, the actual variability may be 
due to the presence or absence of solar flares, but these 
short X rays only affect the ion densities below 100 km, 
where they are small, and the odd nitrogen densities in 
that altitude range. We have included photoionization, 
photodissociation (for molecules), and electron impact 
excitation, ionization, and dissociation (for molecules) 
of CO2, At, N2, O, CO, 02, NO, N, C, H, H2, and He. 
The ion and electron temperatures were adopted from 
PV measurements at high solar activity [e.g., Knudsen 
et al., 1979; Cravens et al., 1980], and the electron tem- 
perature in the low solar activity model was assumed to 
be the same as that at high solar activity. The electron 
temperatures are not expected to vary much with solar 
activity, because both the production mechanism for en- 
ergetic electrons, photoionization, and the major energy 
loss process, collisions with ambient ions, increase with 
solar activity [e.g., Nagy and Cravens, 1997]. Brace et 
al. [1987] showed that in the 300-400 km region in 
the terrestrial ionosphere, Te exhibited a weak varia- 
tion with F•0.7, increasing by ~ 3 K/F10.7 unit for the 
400-500 latitude range, although at latitudes below 10 ø 
the variation was ~ 7 K/F10.7 unit. Electron tempera- 
ture profiles on the Earth are not strictly comparable to 
those on Venus. On the unmagnetized planets, Venus 
and Mars, a heat source at the upper boundary of the 
models is required to reproduce the measured 
profiles [e.g., Johnson, 1978; Cravens et al., 1980; Nagy 
et al., 1983; Na9y and Cravens, 1997; Brace and Kliore, 
A study by Elphic et al. [1984] indicated that elec- 
tron temperatures below 200 km in the daytime Venus 
ionosphere were not correlated with the 27-day varia- 
tion in the solar fluxes. Theis and Br•ce [1993] showed 
that the nighttime electron temperatures above 170 
km obtained by the PV Orbiter Electron Temperature 
Probe (OETP)[e.g., Brace et al., 1980] during the teen- 
try period of the spacecraft, when the solar activity was 
moderately low'(F•0.ym120), were slightly higher than 
those at high solar activity. The increase is consistent 
with the inverse correlation between electron densities 
and temperatures that has been reported by Knudsen 
et al. r•] Dobc c • • [19•] 
[lgg4]. •ce •d •he• [lggs] pzesented d•t• fzom 
hi•-•]titude me•suzements of t•e PV OE•P duzin• 
the zeentry period of the 
•e w•s eithez unchanged oz s]i•h•]y hi•hez •t modez- 
ately low solar activity compared to solar maximum. 
This result contradicted the suggestion of Kliore and 
Mullen [1989] that a 25% increase in T• was required to 
reproduce the solar cycle variation of the electron den- 
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Figure la. Altitude profiles ofneutral densities in the low solar activity model. The density 
profiles of species that are taken from the VTS3 model of Hedin et al. [1983] for F10.7--80 are 
plotted with solid curves. The density profiles of the other species are shown as dashed curves 
and were constructed for the model (see text). 
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Figure lb. Altitude profiles of neutral densities in the high solar activity model. The density 
profiles of species that are taken from the VTS3 model of Hedin et al. [1983] for F10.7-200 are 
plotted with solid curves. The density profiles of the other species are shown as dashed curves 
and were constructed for the model (see text). 
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Figure 2. Altitude profiles for the neutral (T•), ion (T/), and electron (%) temperatures adopted 
in the model. The solid curves are the high solar activity values, and the dashed curves are the low 
solar activity values. The electron temperatures were assumed to be the same for both models. 
sity peak. We find here no need to vary T, to reproduce 
acceptably the values of the electron density peaks at 
high and low solar activities. It should, however, be 
noted 'that the altitude and magnitude of the electron 
density peak are strongly affected if the T, profile is as- 
sumed to diverge from the neutral temperature profile 
at or below the peak in the ion production rates. 
Since there are no measurements of T/ at solar mini- 
mum, the low solar activity ion temperatures were as- 
sumed to be only slightly smaller than those at high so- 
lar activity, and the difference was arbitrarily assumed 
to be equal to the difference between the low and high 
solar activity neutral temperatures. Because the ion 
temperatures are much larger than the neutral temper- 
atures, the resulting fractional change in the ion tem- 
peratures is small at high altitudes. The neutral, ion, 
and electron temperature profiles adopted in the mod- 
els for low and high solar activities are shown in Figure 
2. 
3. Cross Sections and Rate Coefficients 
The electron impact cross sections are similar to those 
used in our previous models of planetary atmospheres 
[see, e.g., Fox, 1993; Fox et al., 1996; Kim and Fox, 
1994; Perry et al., 1999, and references therein]. Our 
complete compilation of electron impact cross sections 
has been presented recenfiy by Sung and Foz [2000] and 
will be submitted for publication soon (K. Y. Sung and 
J. L. Fox, manuscript in preparation, 2001). 
The cross sections for photoabsorption, photoioniza- 
tion, and (for molecules) photodissociation are similar 
to those we have used in our previous models. Only the 
major changes are described here. We have extended 
all the cross sections from the shortest wavelength mea- 
sured to 0.5 ./k using the photoabsorption cross ections 
for atoms presented by Verner and Yakovlev [1995] and 
Verner et al. [1996]. The molecular cross sections at 
these short wavelengths are assumed to be the sum of 
the cross sections for the constituent atoms. The CO• 
c•oss sections fo• photoabsorption in the wavelength 
range 900-1200 •k were taken from Chan el al. [1993a] 
(also C. Brion, Web site: ftp://chem.ubc.ca/pub/coo- 
per), and photoabsorption, photoionization, and pho- 
todissociation cross sections in the range 490-900 ./k 
were taken from Shaw et al. [1995]. In the region long- 
ward of 1200 ]k we adopted the photoabsorption cross 
sections of Lewis and Carver [1983] (also B. Lewis, pri- 
vate communication, 1994) for a temperature of 200 
K. The N2 cross sections are taken from Chanet al., 
[1993b] (also, C. Brion, Web site given above); we 
adopted the low-resolution cross sections up to 541 ]k 
and the high-resolution cross sections longward of that 
wavelength. The O2 photoabsorption cross sections 
are from Chan et al. [1993c] (also, C. E. Brion, Web 
site given above) to 413 ./k. For absorption i the O2 
Schumann Runge bands the high-resolution cross sec- 
tions from the Center for Astrophysics Web site (cfa- 
www.harvard.edu/amdata/ampdata/cfamols.htm) [see 
also, Yoshino et al., 1992] were averaged over 1-./kinter- 
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vals in the continuum. The atomic O photoabsorption 
cross sections were adopted from Samson and Pareek 
[1985] and Angel and Samson [1988]. The He photoab- 
sorption cross sections were taken from Samson et al. 
[1994]. For H2 the high-resolution cross sections con- 
structed by Kim and Fo•: [1994] were adopted for the 
solar lines and were averaged over 1-• intervals for the 
solar continuum. For atomic nitrogen from threshold 
to 31 ]i the photoabsorption cross sections of Samson 
and Angel [1990] were adopted, with the structure in 
the 610-700/1. region averaged out. 
The rate coefficients for ion-molecule, neutral-neutral, 
and dissociative recombination reactions have been ex- 
tensively revised over the last decade, and complete lists 
are given in Tables 1, 2, and 3, respectively. In Tables 
1-3, the original sources are cited, except when an aver- 
aged value from an evaluated compilation such as that 
of Herron [1999] or Anicich [1993] is adopted. The latter 
compilation has also been used as a guide when there 
are multiple measured values of an ion-molecule rate co- 
efficient. The transition probabilities for radiative loss 
processes are listed in Table 4. 
The nearly thermoneutral reaction 
(R41) O + + H --• H + + O 
deserves pecial mention. While (R41)is exothermic, 
and the rate coefficient recommended by Anicich [1993] 
has been adopted, the reverse reaction 
(R67) H + + O --• O + + H 
is endothermic for O atoms in the lowest J - 2 fine 
structure level, nearly thermoneutral for the J = 1 level, 
and exothermic for the highest J = 0 level. The pop- 
ulations of the fine structure levels is assumed to be 
determined by the neutral temperature, and we have 
adopted a rate coefficient for the reverse reaction, k67, 
of 
kf 8 [exp(-232.1/T/) + 0.6 exp(-228/Tn) Z9 
+0.2 exp(-326/Tn)], (1) 
where kf is the rate coefficient for the forward reaction 
(R41) and Z is the partition function for the O fine 
structure levels, which is given by 
Z ---- 1 + 0.6exp(-228/T,•) + 0.2exp(-326/Tn). (2) 
The factor of 8/9 in (1) is the ratio of the electronic 
degeneracies (2L + 1)(2S + 1) of the products divided 
by those of the reactants [cf. Banks and Kockarts, 1973]. 
The rate coefficient for the charge transfer reaction, 
(R47) O + (2D) + N2 -+ N2 + + O, 
has been recently estimated for temperatures above 
,-•600 K and found to have a positive temperature de- 
pendence by Liet al. [1997b]. The value given in 
Table 1 is our one-parameter fit to the measured rate 
coefficients and only applies to ion temperatures be- 
low ,-, 4000 K. The fit becomes increasingly inaccurate 
above 4000 K. 
The rate coefficient for the reaction of N(4S) with 
CO2, 
(R80) N + CO2 -+ NO + CO, 
has been measured several times with widely varying re- 
suits. Brown and Winklet [1970] and Herron and Huie 
[1968] reported upper limits of • 1.7 x 10- •6 cm a s- •. 
Rawlins and Kaufman [1976], however, placed the up- 
per limit at room temperature considerably lower, at 
10 -•gcmas -•. œindackers et al. [1990] measured a
temperature-dependent rate coefficient for the temper- 
ature range 2510-3510 K of 1.4 x 10 -•2 exp(-ll14/T). 
If this rate coefficient is extrapolated to room temper- 
ature, a relatively large value of 3.4 x 10 -•4 cmas -• 
is obtained. More recently, however, Fernandez et al. 
[1998] obtained upper limits to the rate coefficient from 
285 to 1142 K; they reported a value at the fornter tem- 
perature of 1.1 x 10- • 7 cm a s-•. For our standard model 
we adopt a rate coefficient of 1.7 x 10 -•6 cm a s -• and 
then test the sensitivity of the model to this rate coef- 
ficient by reducing it by a factor of 10 a. 
The rate coefficient for (R82), 
(R82) N + NO --+ N2 + O, 
in various temperature regimes has been the subject 
of several studies for a number of years. Lee et al. 
[1978] measured a temperature-independent rate coef- 
ficient for the temperature range 200-400 K of 3.4 x 
10- t tcm 3s- • which has been recommended by the 
Jet Propulsion Laboratory (JPL) evaluation [DeMote et 
al., 1992, 1994]. At high temperatures, other measure- 
ments have shown positive temperature dependences 
[Michael and Lira, 1992; Davidson and Hanson, 1990; 
Clyne and McDermid, 1975]. Models of the terrestrial 
thermosphere have also shown better agreement of NO 
densities if the rate coefficient is larger at temperatures 
that exceed 300 K [Siskind and Rusch, 1992]. From 
models of the Martian lower thermosphere, Fox [1994] 
suggested that the rate coefficient may have a small 
positive temperature dependence also at temperatures 
lower than 300 K. Quasi-classical trajectory calculations 
of the rate coefficient by Duff and $harma [1996] did not 
bear out either the terrestrial or Martian model studies 
but showed excellent agreement with the JPL recom- 
mended rate at room temperature. We have therefore 
adopted the JPL recommended value of Lee et al. [1978] 
for this study, but we do not consider this issue to be 
completely resolved yet. 
4. Production Rates 
Figure 3 shows the ion production rates for CO2 +, N2 +, 
CO +, O +(4•), O +(2D), O +(27), NO + ' C +, N +, Ot ' 
H +, and He + from photoionization and photoelectron 
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Table 1. Ion-Neutral Reaction Rate Coefficients a 
Reaction No. Reaction Rate Coefficient, cm 3s -1 References 
(Rla) 
(Rlb) 
(R2) 
(R3) 
(R4) 
(R•) 
(R6) 
(R7a) 
(a7b) 
(R8) 
(R9) 
(R10) 
(Rll) 
(R12a) 
(R12b) 
(R13) 
(R14) 
(R15) 
(R16a) 
(R16b) 
(R17) 
(R18a) 
(R18b) 
(R19) 
(R20) 
(R21) 
(R22) 
(R23) 
(R24a) 
(R24b) 
(R25) 
(R26) 
co++ o co + 
CO2++O • CO2+O + 
CO2++ 02 • CO2+O2 + 
CO2 ++ NO• NO ++ CO2 
CO2++N •NO +CO + 
CO2++ N(2D)--+ N++ CO2 
c0• ++ n• -• nco• ++ H 
CO2++H -•HCO + +O 
CO2 ++H -•H ++CO2 
CO++O -•CO+O + 
CO++ NO• CO + NO + 
CO ++O2-•O2 ++CO 
CO ++C02 •CO2 ++CO 
CO++ H2--> HCO + + H 
CO++ H2--> HOC + + H 
CO ++H -+H ++CO 
CO ++ N • NO ++ C 
02 ++ N -• NO + + O 
02++ N(2D) -• NO++ O 
02++ N(2D) --> N++ 02 
02 ++NO •NO ++O2 
02 ++ C -• CO ++ O 
02++ C • C++ 02 
02 ++N2 -• NO ++NO 
N2++ N -• N++ N2 
N2 ++ CO2 -• N2 + CO2 + 
N2++ CO -• N2+ CO + 
N2++O2 -•2+O2 + 
N2 ++ O --> NO + + N(2D) 
N2++ O • O++ N2 
N2++ NO • N2+ NO + 
N2++ Ar -• Ar++ N2 
1.64x10 -1ø 
9.60x10 -11 
5.50x 10 -11 (300/Ti) ø'82 
Tii 1500 K 
1.50x 10 -1,1(Ti/1500) ø'7s 
T•_>•S00 K 
1.23x10 -1ø 
3.40x10-! ø 
2.00x10 -1ø 
8.70x10 -1ø 
4.46x 10 -lo 
2.35x10 -11 
!.40x10 -1ø 
4.20x10 -lo 
1.50x 10-1ø(300/Ti) 1'1 
1.10xlO -9 
7.50x10 -1ø 
7.50x10 -1ø 
4.00xlO -1ø 
8.20x10 -11 
1.00xlO -1ø 
1.80xlO -1ø 
8.65x10 -11 
4.50x10 -1ø 
5.00X10 -11 
5.00xlO -11 
1.00xlO -15 
1.00xlO -11 
9.0Qx 10-1ø(300/Ti) 0'2a 
7.60x10 -11 
5.10x 1, 0-11 (300/r•) 1'16 
for T•_<1000 K 
1.26 x 10 -!1 (Ti/1000) 0'67 
for 1000 < T• <_2000 K 
2.3•1o -5 
for Ti > 2000 K 
1.33 x 10- iø (300/Ti) 0'44 
for T•<1500 K 
6.55 x 10 -11 (1500/Ti) -ø'2 
for T•>_ 1500 K 
7.00x 10-12(300/Ti) 0'23 
for Ti<_1500 K 
4.83 x •0 -•2 (•500/T•)-ø.4• 
for T4>_1500 K 
3.60x10 -lo 
1.10x 10-11e-2ø89/2q 
Fehsenfeld et al. [1970] 
Anicich [1993] 
Ferguson et al. [1992] b
Anicich [1993] 
Scott et al. [1998] 
estimated, see Fox [1982a] 
Scott et al. [1997] 
Scott et al. [1997] 
Fehsenfeld and Ferguson [1972] 
Anicich [1993] 
Anicich [1993], 
Miller et al. [1984b] b 
Anicich [1993] 
Scott et al. [1997] 
Scott et al. [1997] 
Scott et al. [1998] 
Scott et al. [1998] 
Goldan et al. [1966], 
reverse of (R31b) 
O'Keefe et al. [1986] 
Midey and Viggiano [1999] 
Prasad and Huntress [1980], estimate 
Ferguson [1973] 
Ferguson [1973] 
Dotan et al. [2000] 
Frost et al. [!998] 
Scott et al. [1999], 
Dotan et al. [1997] b
Scott et ai. [1999] c, 
McFarland et al. [1974] b
Scott et al. [1999] 
reverse of (R71) 
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Table 1. (continued) 
Reaction No. Reaction Rate Coefficient, cm3s -• References 
(R27) 
(R28a) 
(R28b) 
(R29a) 
(R29b) 
(R30a) 
(R30b) 
(R30c) 
(R31a) 
(R31b) 
(R31c) 
(R31d) 
(R31e) 
(R32) 
(R33) 
(R34) 
(R35) 
(R36) 
(R37) 
N2 +q- H2 --> N2 H + + H 
N++ CO2 -• CO++ NO 
N++ C02 -• N + CO2 + 
N++NO -•N+NO + 
N ++NO -•N2 ++O 
N ++ CO -•NO ++C 
N++ CO -• CO++N 
N++ CO -• C++NO 
N++ 02 -• 02++ N(4S) 
N++ 02 -• 02++ N(2D) 
N++ 02 -• NO++ O(3P) 
N++ 02 -• NO++ O(•D) 
N++ 02 -• O++NO 
N++ O -• N + 0 + 
N ++ H2 -• NH ++ H 
O++O2 -• O+O2 + 
O ++NO -•NO ++O 
O++ CO2 -• 02++ CO 
O+q- N2 -• NO++ N 
1.52x10 -9 
2.02x10 -•ø 
9.18x10 -•ø 
4.72x 10-•ø(300/Ti) ø'24 
8.33 x 10 -• (300/Ti) ø'24 
6.16 x 10 -• (300/Ti) ø'5 
4.93 x 10-•ø(300/Ti) ø'• 
5.60x 10-•2(300/Ti) ø'• 
Uiterwaal et al. [1995] 
Anicich [1993] 
Anicich [1993], 
Fahey et al. [1981a] b 
Anicich [1993], 
Miller et al. [1984b]  
2.02x10-•ø(300/Ti) -ø'4• total rate coefficient 
for Ti _<1000 K from Dotan et al. [1997] and 
3.49x 10 -•ø branching ratios from 
for Ti _> 1000 K O'Keefe et al. [1986] 
8.65 x 10 -ll (300/Ti) -ø'45 
for Ti _<1000 K 
1.49x10 -•o 
for Ti _> i000 K 
4.32x 10 -ll (300/Ti) -ø'4• 
for Ti _< 1000 K 
7.47x 10 -ix 
for Ti _> 1000 K 
1.75 x 10-iø(300/Ti) -ø'4• 
for Ti _<1000 K 
3.02x10 -•o 
for Ti _> 1000 K 
4.34x 10 -• (300/Ti) -ø'4• 
for Ti _<1000 K 
7.53x 10 -• 
for Ti _> 1000 K 
2.20x10 -•2 Constantinides t al. [1979], 
Bates [1989] 
Anicich [1993] 
Hierl et al. [1997] 
5.00x10 -lo 
1.60x 10 -11 (300/Ti) 0'52 
for Ti_<900 K 
9.00x 10-•2(T/900) ø'• 
for Ti_>900 K 
7.00x 10-•3(300/Ti) 0'66 
for Ti_<300 K 
7.00x 10-•3(Ti/300) 0'87 
for Ti>_300 K 
1.10x10 -9 
for Ti_<800 K 
1.10x 10-9(Ti/800) -ø'3ø 
for Ti_>800 K 
1.20x 10-•2(300/Ti) ø'4• 
for Ti_<1000 K 
7.00x 10-•3(Ti/1000) 2'12 
for Ti_> 1000 K 
Dotan and Viggiano [1999] 
Anicich [1993], 
Viggiano et al. [1992] b
Hierl et al. [1997] 
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Table 1. (continued) 
Reaction No. Reaction Rate Coefficient, cm 3s-1 References 
(R38) 
(R40) 
(R41) 
(R42a) 
(R42b) 
(R43) 
(R44) 
(R45) 
(R46) 
(R47) 
(R48) 
(R49a) 
(R49b) 
(R49c) 
(RS0) 
(R51a) 
(R51b) 
(R52) 
(R53a) 
(R53b) 
(R55) 
(R56) 
(R57) 
(R58a) 
(R58b) 
(RSSc) 
(R58d) 
(R59a) 
(R59b) 
(R60) 
(R61) 
(R62a) 
(R62b) 
(R63) 
(R64) 
(R65) 
(R66) 
(R67) 
O++ N(2D)--> N++ O 
O + 
O + 
O + 
O + 
O + 
O + 
O + 
O + 
O + 
O + 
+C -• C++ O 
+ H2 --> OH++ H 
+H -• H++ O 
(2D)+ CO2 --> O2+-t - CO 
(2D)+ CO2 -• CO2++ O 
(2D)+ CO--+ CO++ O 
(2D)+ 02 -'> 02++ O 
(2D)+ NO-• NO++ O 
(2D)+ O --> O++ O 
(2D)+ N2--> N2++ O 
O +(2D)+ N -• N ++ O 
O+(2D)+ H2 --> OH++ H 
O+(2D)+ H2 --> H2++ H 
O+(2D)+ H2 -• H++ OH 
0+(2/))+ e --> O+(4S)-] -- e 
O+(2P)+ CO2 -• CO + 02 + 
O+(2P)+ CO2 --> CO2++ O 
O+(2P)+ CO--> CO++ O 
O+(2P)+ 02 -'> O++ 02 
O+(2P)+ 02 -'> 02++ O 
O+(2P)+ O --> O+(2D)+ O 
O+(2P)+ N2 -'> O++ N2 
O+(2P)+ N -• O++ N(2D) 
1.30x10 -1ø 
1.00x10 -1ø 
1.35x10 -9 
6.40x10 -1ø 
6.00x10 -11 
1.00x10 -9 
1.30><,10 -9 
7.00x10 -1ø 
1.20><,10 -9 
1.00x10 -11 
5.70x lO-1Oe-4OO/T• 
for Ti <4000 K 
1.50x10 -1ø 
1.50x10 -9 
4.50x10 -11 
1.50x10 -11 
6.03 x 10 -8 (300/Te)ø'5 
6.00><,10 -11 
1.00x10 -9 
1.30x10 -9 
1.30x10 -1ø 
1.30x10 -1ø 
5.20x10 -1ø 
6.20 x l O-10 e-340/T• 
for Ti <4000 K 
1.00x10 -11 
O+(2P)+ NO-• NO++ O 1.20x 
O+(2P)+ H2 --> OH++ H 8.50x 
O+(2P)+ H2 ---> H2++ H 3.33x 
O+(2P)+ H2 -'> H++ OH 6.93x 
O+(2P)+ H2 -+ H++ O + H 6.93x 
O+(2P)+ e --> O+(4S)-] -- e 3.03x 
O+(2P)+ e --> O+(2D)+ e 1.84x 
C++ CO2 -• CO++ CO 1.10x 
C ++NO -•NO ++ C 7.50x 
C++O2 -•O++CO 
C+-4 - 02 -). CO+---]  O 
C + + H2 --> CH ++ H 
H++ CO2 -). HCO + + O 
H++ 02 -•O2++H 
H++NO -•H+NO + 
H++ O -• H + O + 
10-9 
10-1o 
10-1o 
10-11 
10-11 
10-8 (300/Te) o.s 
10-7(300/Te) o.s 
10-9 
10-1ø(300/Ti) ø'2 
5.22x10 -1ø 
3.48x10 -1ø 
7.40x 10-1øe -4538/T• 
3.80x10 -9 
1.17x10 -9 
1.90x10 -9 
Constantinides et al. [1979], 
Bates [1989] 
estimate; see text 
Liet al. [1997a] 
Anicich [1993] 
Viggiano et al. [1990] 
Glosik et al. [1978] 
Johnsen and Biondi [1980] 
Glosik et al. [1978] 
Tort and Tort [1980] 
Liet al. [1997b] d 
Dalgarno [1979] 
Liet al. [1997a] 
McLaughlin and Bell [1998] 
Viggiano et al. [1990] 
Glosik et al. [1978] 
Glosik et al. [1978] 
Rusch et al. [1977] 
Liet al. [1997b] d 
A. Dalgarno (private communication 
to Fox [1982a]) 
Glosik et al. [1978] 
Liet al. [1997a] 
McLaughlin and Bell [1998] 
Fahey et al. [1981b] 
Anicich [1993], 
Miller et ai. [1984b]  
Anicich [1993], 
Miller et al. [1984b]  
Hierl et al. [1997] 
Anicich [1993] 
Huntress et al. [1974] 
Fehsenfeld and Ferguson [1972] 
see text 
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Table 1. (continued) 
Reaction No. Reaction Rate Coefficient, cm3s -1 References 
(R68) Ar++ CO2-> Ar + CO2 + 5.0x10 -10 Dotan et al. [1999] 
(R69) 
(R70) 
Ar++02 ->Ar+02 + 
for T•<700 K 
5.0x lO-1ø(700/Ti) 
for Ti_>700 K 
4.90x 10-11(300/Ti) ø'78 
for Ti_<900 K 
2.08 x 10 -• (Ti/900) •'65 
for Ti >_900 K 
3.70 x 10 -• (300/Ti) ø'43 
for Ti_<900 K 
2.30x O-X(Ti/900) 
for Ti_>900 K 
1.1 x 10-XX (Ti /300) •'•3 
Ar++ CO -> Ar + CO + 
(R71) Ar++ N2 --> Ar + N2 +
(R72) Ar++ NO -> Ar + NO + 3.1x10 -xø 
(R73a) Ar++ H2 -> H2++ Ar 1.78x10 -x• 
(R73b) Ar++ H2 --> ArH + + H 8.72x10 -•ø 
(R74) He++ CO -> C++ O + He 1.60x10 -9 
(R75a) He++ CO2 -> C++ 02+ He 2.00x10 -• 
(R75b) He++ CO2 -> CO++ O + He 7.80x10 -•ø 
(R75c) He++ CO2 -> O++ CO + He 1.40x10 -•ø 
(R75d) He++ CO2 -> CO2++ He 5.00x10 -xx 
(R76a) He++ O2-->O+(2D)q- O q- He 2.37x10 -•ø 
(R76b) He++ 02->0++ O + He 2.39x10 -x• 
(R76c) He++ 02->02++ O 9.20x10 -•2 
(R76d) He++ O2 ->O+ (2 P) q- O q- He 6.04x10 -•ø 
(R76e) He++ 02->0++ O(•D)+ He 4.60x10 -• 
(R77) He++ O -> O++ He 1.00x10 -• 
(R78a) He ++ N2 -> N ++ N + He 7.80x 10 -•ø 
(R78b) He +q- N2 -> N2 ++ He 5.20x 10 -•ø 
(R79a) He + + NO -> N ++ O + He 1.35 x 10 -9 
(R79b) He++ NO -> O++ N + He 1.00x10 -•ø 
Midey and Viggiano [1998] 
Midey and Viggiano [1998] 
Anicich [1993], 
Dotan and Lindinger [1982] b
Anicich [1993] 
Anicich [1993] 
Anicich [1993] 
Anicich [1993] 
Gerlich [1992], 
Bischof and Linder [1986] 
estimated; 
compare Dalgarno and Fox [1994] 
Anicich [1993] 
Anicich [1993] 
a When the evaluated compilation of Anicich [1993] is cited as a source, the adopted 
rate coffficient is an average of two or more measurements. 
b Room temperature value taken from Anicich [1993]; temperature dependence taken 
from the second source cited. 
c Frederick and Rusch [1977] have suggested that the product N atoms are in the 2D 
state from models of terrestrial thermosphere. Scott et al. [1999], however, assume that 
the product N atoms are in the ground state. 
d One-parameter fit to the rate coefficients reported by Li et al. [1997b] for ion 
temperature less than 4000 K. Above that temperature the fit becomes inaccurate. 
impact ionization for the low solar activity model. Fig- 
ure 4 shows the ion production rates for the high solar 
activity model. 
The major ion production rates peak in the 138-142 
km region. CO2 + has the largest peak production rates 
of 1.13x 104 cm -3s -• at 141km and 2.8x 104 cm -3s -• 
at 138 km, at low and high solar activities, respectively. 
The solar activity variation is thus a factor of • 2.5, 
which closely reflects the variation of the solar ionizing 
fluxes. The peak production rates of N2 + show asimilar 
variation of a factor of slightly more than 2.5, from 8.3 x 
102 cm-3s -• at 142 km to 2.1 x 103 cm-3s -1 at 139 
km. The O + (4,•) peak production rates vary by a factor 
of • 3 from 1.97 x 10 3 to 6.0 x 10 3 cm -3 s -1 from 
low to high solar activities. Most of the O + produced 
near the peak is due to dissociative ionization of CO2, 
and the slightly larger variation than that of the solar 
EUV fluxes is due to the increase in the mixing ratio 
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of O as solar activity increases. The mixing ratios of 
O at 140 km are 0.094 and 0.20 in the low and high 
solar activity models, respectively. The altitude profiles 
show that the O+(4S) production rate near the peak 
is parallel to that of CO2 +, but at higher altitudes the 
profiles are parallel to the O density profiles. O becomes 
the dominant constituent above --• 160 km at low solar 
activity and above --• 150 km at high solar activity. A 
similar effect is seen for CO + , for which the production 
rates vary by a factor of 3.4, from 1.79 x 103 to 6.1 X 10 a 
Table 2. Neutral-Neutral Reaction Rate Coefficients 
Reaction No. Reaction Rate Coefficient, cm3s -1 References 
(RS0) 
(RS) 
(R82) 
(RSa) 
(R84) 
(RSS) 
(R86) 
(R87) 
(R88) 
(R89) 
(R90) 
(R91) 
(R92) 
(R93a) 
(R93b) 
(R93c) 
(R94) 
(R95) 
(R96) 
(R97) 
(R98) 
(R99a) 
(R99b) 
(R100) 
(R101a) 
(R101b) 
(R102) 
(R103) 
(R104) 
(R105) 
(R106) 
(R107) 
(R108) 
(R109) 
(R110a) 
(R110b) 
(R111a) 
(R111b) 
(Rl12) 
(Rl13) 
(Rl14) 
(Rl15) 
(R116a) 
(R116b) 
(Rl17) 
N + CO2-• NO + CO 
N + O2-• NO + O 
N +NO-->N2+ O 
N(2D)+ CO2-> NO + CO 
N(2D)+ CO -> N(4S)+ CO 
N(2D)+ 02-> NO + O(1D) 
N(2D)+ O -> N(4S)+ O 
N(2D)+ N2--> N(4S)+ N2 
N(2D)+ NO --> N2+ O 
N(2D)+ H2-> NH + H 
N(2D)+ e--> N(4S)+ e 
1.50x 10-14Tne -327ø/T'• 
3.4x10 -11 
3.60x10 -13 
1.90x10 -12 
9.70xlO-12e-185/Tn 
6.90X10 -1• 
1.70X10 -14 
6.70X10 -11 
4.20 x 10-11 ½--880/% 
3.86 x 10 -10 (Te/300) 0'81 
N(2p)+ CO2-> N(2D)+ CO2 2.00x10 -15 
N(2p)+ CO -> N(2D)+ CO 
NO + O(aP) 
N(2p)+ 02--> NO + O(1D) 
N(2p)q- 02-> NO q- O(lS) 
N(2P)+ O -> N(2D)+ O 
N(2P)+ NO -> N(2D)+ NO 
N(2P)+ N2-> N(2D)+ N2 
N(2P)+ N -> N(2D)+ N 
N(2P)+ H2-> N(2D)+ H2 
NdS)+ 
C + CO2• CO + CO 
6.00x10 -15 
1.03xlO-12e-6O/% 
1.03xlO-12e-60/T• 
1.03X10-12e-60/T• 
1.70X10 -11 
2.90X10 -11 
5.00X10 -17 
6.20x10 -1• 
2.50x10 -ls 
2.04x 10-1ø (T•/300) 0'85 
9.50x10 -9 
7.62 x 10 -14 (T• / 300) 0'5 e - 348ø/T'• 
C + NO -> CN + O 7.50xlO-11(Tn/300) -0'16 
C + NO -> CO + N 7.50xlO-11(Tn/300) -0'16 
C + 02-> CO + O 4.90xlO-11(Tn/300) -ø'32 
O(1D)+ CO2-> O(3p)q- CO2 6.80xlO-11e 17/T'• 
co co 
O(1D)q- 02-> O(3p)q- 02 
O(1D)q- O -> O(3p)q- O 
O(1D)q- N2-> O(3P)+ N2 
O(1D)q- H2-> OH + H 
3.60x10 -11 
3.20xlO-11e67/% 
6.47 X 10--12 (Tn / 300) 0'14 
1.80 x lO-11elO7/TM 
1.10x10 -10 
O(1D)+ e -> O(3P)+ e 2.87xlO-1ø(Te/300) ø'91 
O(1,S')q- CO2-> O(1D)q- CO2 2.02xlO-11e -1327/T'" 
O(1S)q- CO2-> O(3p)q- CO2 1.19xlO-11e -1327/T'• 
O(1S)+ 02-> O(1D)+ 02 1.36xlO-12e -815/T'• 
O(1S)q- 02-> O(3P)+ 02 3.04xlO-12e -815/T'• 
o -. o 
o(ls)q- N2-> O(1D)+ N2 
O(lS)q- CO -> O(1D)q- CO 
O(1S)q- H2-> O(1D)+ H2 
o(ls)q- ½-> O(1D)q- ½ 
e 
H + H + CO2-> H2+ CO2 
see text 
Baulch et al. [1994] 
Lee et al. [1978] 
Herron [1999] 
Herron [1999] 
Herron [1999], $hihira et al. [1994] 
Fell et al. [1990] 
Herron [1999] 
Fell et at. [1990] 
Herron [1999] 
Berrington and Burke [1981] 
Herron [1999] 
Herron [1999] 
Shihira et al. [1994], 
branching ratios from 
Rawlins et al. [1989] 
riper [1993] 
Herron [1999] 
Herron [1999] 
Young and Dunn [1975] 
Herron [1999] 
Berrington and Burke [1981] 
McElroy and McConnell [1971], 
estimate 
Chastaing et al. [2000] 
Chastaing et al. [2000] 
Streit et al. [1976] 
Schofield [1978] 
Atkinson et al. [1997] 
Jamieson et al. [1992] 
Atkinson et al. [1997] 
Atkinson et al. [1997] 
Berrington and Burke [1981] 
Capetanakis et al. [1993] 
Capetanakis et al. [1993] 
0.00 
5.00x10 -17 
7.40xlO-14e-961/% 
2.86x10 -16 
8.50x10 -9 
1.56 x 10-1ø (Te/300) 0'94 
Atkinson and Welge [1972] 
Capetanakis et al. [1993] 
Capetanakis et al. [1993] 
Berrington and Burke [1981] 
1.20x 10-32(Tn/300) -x'3 (cm6s -1) Tsang and Hampson [1986] 
21,316 FOX AND SUNG: SOLAR ACTIVITY VARIATIONS OF THE VENUS IONOSPHERE 
Table 3. Dissociative Recombination Rate Coefficients 
Reaction No. Reaction Rate Coefficient, cm 3s- • References 
(Rl18) 
(R119a) 
(R119b) 
(Rl19c) 
(R120a) 
(R120b) 
(R120c) 
(R120d) 
(R121a) 
(RX21b) 
(R121c) 
(RX22a) 
(R122b) 
CO2++e-•CO+O 
CO++ e-•C+O 
CO++ e -+ C + O(•D) 
CO++ e-+ C(•D) + O 
o•++ •-, o(•)+ o(•) 
o•++ e -• o(•e)+ o(•o) 
o• ++ e -• o( •o)+ o(•o) 
o•++ e -• o(•o)+ o(•s) 
N•++ e -+ N + N(2D) 
N•++ e -+ N(2D)+ N(2D) 
N•++ e -+ N + N(2p) 
NO++ e -+ N(2D)+ 0 
NO++ e -+N+O 
3.50x 10-7(300/Te) ø'5 
1.80x 10-7(300/Te) ø'55 
0.25 x 10 -7 (300/Te)ø'55 
0.70x 10-*(300/Te) ø'55 
0.39x 10-*(300/Te) ø"ø 
for T• _<1200 K 
1.48x 10-8(1200/Te) ø'56 
for T• >_ 1200 K 
0.86x 10-*(300/T•) ø"ø 
for Te <_1200 K 
3.25 x 10 -8 (1200/T•)ø'56 
for T• > 1200 K 
6.05 x 10-8 (300/T•)ø'*ø 
for T• _<1200 K 
2.29x 10-8(1200/T•) ø'5• 
for T• > 1200 K 
9.75x 10-ø (300/T•) ø"ø 
for T• _<1200 K 
3.69x 10-ø(1200/T•) ø'5• 
for Te >_ 1200 K 
1.01 x 10 -7 (300/T•)ø'3ø 
1.01 x 10 -7 (300/T•)ø'3ø 
1.76x 10-8 (300/T•) ø'3ø 
3.40x 10 -7 (300/T,)ø'5 
0.60x 10 -7 (300/Te) ø'5 
Gougousi et al. [1997] 
Ros•n et al. [1998] a
Alge et al. [1983] 
Mehr and Biondi [1969] 
branching ratios from 
Kella et al. [1997] 
Zipf [1980], 
branching ratios from 
Kella et al. [1996] 
Vejby-Christensen et al. [1998] 
a Branching ratios interpolated at 2500 K from their values measured at the collision 
energy of 0.0, 0.4, 1.0, and 1.5 eV. 
cm -a s -x from low to high solar activity. The slight 
enhancement in the production rates over the variation 
of the solar EUV fluxes is due to the increase in the 
mixing ratio of CO, which is 6.6% in the solar minimum 
model and 11.6% in the solar maximum model at 140 
km. 
The•NO + production rate profile is a superposition 
of two peaks. The upper peak in the 138-141 km range, 
which is evident as a shoulder in the total production 
rate profile (Figures 3b and 4b), is due to ionization by 
solar EUV photons and photoelectrons. A larger lower 
peak appears near 117-119 km and results from pho- 
toionization of NO by Lyman alpha. The variation of 
the production rate near the upper peak is a factor of 
2.5, and near the lower peak it is a factor of 3.8. This 
low-altitude enhancement is larger than the variation of 
the solar Lyman alpha line, which is a factor of ~ 2.9 
in the Hinteregger spectra. This is mostly because the 
Table 4. Transition Probabilities A 
Wavelength, • Transition A, s- • Reference 
3728, 3726 
7319, 7329 
2470 
52OO 
10400 
3466 
6300, 6364 
5577 
2972 
O+ (2D)-+ O+ (4S)q - 
O+(2P)-+ O+(2D)+ hy 
O+ (2P)-+ O+ (4S)-• - 
N(•O)-, N(4S)+ •, )-, •O)  •, • 5O O •)+ -o s)-+ o(•o)+  
O(1S)-+ O(3p)+ hv 
4.85x10 -5 
1.71x10 -• 
4.8 x 10 -2 
1.07x10 -5 
7.9 x 10 -2 
5.0 x 10 -3 
9.3 x 10 -3 
1.06 
4.5 x 10 -2 
Seaton and Osterbrock [1957] 
Seaton and Osterbrock [1957] 
Seaton and Osterbrock [1957] 
Wiese et al. [1966] 
Wiese et al. [1966] 
Wiese et al. [1966] 
Froese-Fischer and Saha [1983] 
Kernahan and Pang [1975] 
Kernahan and Pang [1975] 
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NO density at the high solar activity peak at 117 km 
is larger than that at the low solar activity peak at 
119 km, even though, as we shall demonstrate in sec- 
tion 5.2, the NO profile itself shows little solar activity 
variation. It should, however, be noted that chemical 
reactions rather than direct ionization of NO are the 
major sources of NO + over most of the altitude range 
considered here. 
Because the H densities are anticorrelated with the 
solar flux and the variation of those densities is larger 
than that of the solar EUV flux, the H + peak produc- 
tion rate decreases from 1.04 x 10 -• cm -a s -• near 165 
km at low solar activity to 4.6 x 10 -2 at 169 km at 
high solar activity. The altitude of peak production of 
H + is higher than that of the heavier ions because it is 
produced mainly by ionization of H, which has a much 
smaller mass than the average mass of the atmosphere. 
Using the same approach as Chapman theory, it can 
be shown easily that for an isothermal atmosphere with 
one major and one minor species j, the optical depth 
r at which the maximum ionization rate of the minor 
species occurs is given by 
r-H/Hi, (3) 
where H is the scale height of the major species that 
controls the photoabsorption and Hj is the scale height 
of the minor species. Thus, for a species that is much 
lighter than those that control the photoabsorption, 
which are CO2 and O in the lower thermosphere of 
Venus, the maximum ionization rate occurs at a much 
smaller optical depth and is therefore higher in the at- 
mosphere than that of the major species, for which the 
maximum ionization rate is near r- 1. 
The He + production rate peak varies by a larger fac- 
tor of 3.7, from 0.32 cm -3 s -• near 147 km at low solar 
activity to 1.2 cm -3 s -• at 146 km at high solar activity. 
The solar activity variation in the peak He + production 
rate is enhanced because solar flux variations are larger 
at wavelengths shorterward of the He ionization thresh- 
old at 504.8 .• than at longer wavelengths. 
C + is produced at low altitudes by photodissociative 
ionization and electron impact dissociative ionization of 
CO2 and CO, and at higher altitudes, C + is produced 
by ionization of C. The production rates at the peak are 
860 cm -3 s -• at 139 km and 2480 cm -3 s -• at 137 km, 
for the low and high solar activity models, respectively. 
This variation of a factor of 2.9 is slightly enhanced 
over that of the solar EUV fluxes mostly because the 
mixing ratio of CO and therefore the production rate 
by dissociative ionization are enhanced at high solar 
activity. 
The direct production rate profiles of O+(2D) and 
O+(2P) also exhibit larger variations than that of 
O+(4S), since in this model they are assumed to be 
produced only by photoionization and electron impact 
ionization of O. For O + (2 D) the peak production rate is 
350 cm -3 s -• at 146 km and 1620 cm -3 s -• at 144 km, 
for the low and high solar activity models, respectively. 
The peak in the O+(2P) production rate increases from 
190 cm-3s -• at 146 km to 900 cm-3s -• at 144 kin. 
These increases by factors of 4.7-4.8 from low to high 
solar activities are enhanced over that of the EUV solar 
fluxes mostly because the O mixing ratio is larger in the 
high solar activity model. The altitudes of peak produc- 
tion of the metastable O + ions are slightly higher than 
that of O+(4S) because O is lighter than CO2, from 
which most of the O-'-(4S) is produced near the peak. 
The effect is not large, because the optical depths due to 
O and to CO2 are comparable in the 140-150 km range. 
At the altitude of peak O + production near 140 km the 
slant column densities of O and CO2 are approximately 
equal in the solar maximum xnodel. For the solar mini- 
mum model, the slant column density of O exceeds that 
of CO2 above • 150 kin. 
5. Results and Discussion 
5.1. Ion Density Profiles 
We have computed the density profiles of 13 ions, 
including CO2 +, Ar +, N2 +, O+(4S), O+(2D), O+(2P), 
CO +, C + N + 02 +, , , ß , , NO + H + and He + The resulting 
density profiles are shown in Figures 5a and 5b for low 
and high solar activities, respectively. The peak ion and 
electron densities and altitudes at high and low solar 
activities are summarized in Table 5. The major ion 
over the range of • 120- 190 km is O2 +, and its density 
at the peak increases by a factor of • 1.6, from 2.7 x l0 s 
to 4.3 x l0 s cm -3 from low to high solar activities. This 
is less than that of the solar flux because of the nature 
of the loss process for 02 + . The major 02 + sink near and 
above the peak is dissociative recombination, and the 
02 + density does not differ substantially from the total 
electron density. The density near the peak is thus given 
by 
, , (4) 
where P is the total production rate (which is approxi- 
mately equal to the direct ionization rate of CO2), [e] is 
the electron density, and c• is the dissociative recombi- 
nation coefficient. Thus, near the electron density peak 
the 02 + density is approximately proportional to the 
square root of the production rate [cf. Cravens et al., 
1981]. 
Below • 120 km the major ion is NO +. Because the 
ionization potential of NO (9.26 eV) is the lowest of the 
ions in the Venus thermosphere considered here, dis- 
sociative recombination is the only loss process. NO + 
is produced in many ion-molecule reactions, and direct 
production by photoionization and electron impact ion- 
ization is less important than the chemical sources. The 
NO + density profile is complex and exhibits two main 
peaks. The reaction 
(R24a) N2 + + O --+ NO + + N 
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Table 5. Peak Densities at Low and High Solar Activities 
Peak Altitude, km Peak Density, cm -a 
Species Low High Low High Factor a 
H + 259 289 2.0(3) b 1.42(3) 0.71 
CO2 + 145 142 1.05(4) 1.53(4) 1.5 
NO + c 122 119 8.9(3) 1.32(4) 1.5 
Electron 141 139 2.9(5) 4.7(5) 1.6 
02 + 141 139 2.7(5) 4.3(5) 1.6 
N2 + 179 177 2.7(2) 5.4(2) 2.0 
NO + d 138 136 9.6(3) 2.4(4) 2.5 
Ar + 182 184 1.02(-1) 3.1(-1) 3.0 
O+(2D) 215 219 2.1(3) 6.8(3) 3•2 
CO + 188 185 1.2(3) 4.0(3) 3.3 
O+(2P) 174 178 5.7(1) 2.3(2) 4.0 
O+coCa 209 2.6(4) .aa(5) 
o + (4 $) 209 2.4(4) 1.27(5) 5.4 
He + 248 263 8.8(1) 6.1(2) 6.9 
N + 226 240 4.8(2) 3.8(3) 7.9 
C + 223 231 5.8(2) 1.03(4) 18. 
a Factor by which peak densities increase from low to high solar activities. 
bread as 2.0x 10 a. 
CLower peak. 
dUpper peak. 
dominates the production of NO + at and above the elec- 
tron density peak near 140 km over the entire solar cy- 
cle. There is also some contribution from 
(R15) 02 + + N -• NO + + O 
in the same region. Since the major loss process is dis- 
sociative recombination, the specific loss rate is propor- 
tional to the electron density and thus increases with 
solar cycle. Because, however, the densities of the re- 
actants in the production reactions also increase sig- 
nificantly from low to high solar activity, the resulting 
variation of the peak density of NO + near 136 km is 
substantial, a factor of .-• 2.5. 
There is a lower peak in the NO + density profile near 
120 km that varies by a factor of 1.5 over the solar cycle. 
Although there is also a maximum in the direct produc- 
tion rate near this altitude that is due to photoioniza- 
tion of NO by solar Lyman alpha photons, the density 
peak is not due to this process. NO + is produced largely 
by charge transfer from 02 + to NO (reaction (R17))in 
the lower ionosphere. The lower maximum results from 
the competition between decreasing 02 + densities and 
increasing NO densities as altitude decreases. There is, 
however, some fine-scale structure visible in the lower 
peaks near 118 kin, which is produced by Lyman alpha 
photoionization of NO. 
The variation of the density of NO + is a factor of 3.1 
below .-• 110 km in the model, where the major source 
is ionization of the neutral constituents by X rays in the 
0.25-18 • region and their high-energy photoelectrons, 
and subsequent charge transfer and other ion-molecule 
reactions that terminate in NO + . Since NO + in this 
region also is destroyed by dissociative recombination, 
and it is the principal ion, the variation is approximately 
the square root of the assumed factor of 10 variation in 
the solar X ray fluxes below 18 •. 
The peak densities ofN2 + and CO + occur at higher al- 
titudes than the other molecular ions because the major 
loss processes for these ions over most of the ionosphere 
are reactions with neutral species rather than disso- 
ciative recombination. N2 + and GO + have relatively 
high ionization potentials of 15.58 and 14.01 eV, so 
that many charge transfer and other ion-molecule reac- 
tions with the major neutral species in the Venus ther- 
toosphere are exothermic. The variation of the peak 
N2 + density is 270 cm -3 at 179 km to 540 cm -3 near 
177 km from low to high solar activity. This factor of 2 
change is slightly less than the variation of the produc- 
tion rates, because the loss mechanisms also i2crease 
with solar activity. The major loss processes are rea c- 
tions with CO2 at low altitudes and with O at high alti- 
tudes. Since the O mixing ratios are larger at high solar 
activity, the loss rates are also enhanced at high solar 
activity. The GO + profiles exhibit peaks of 1.20 x 10 a at 
188 km and 4.0 x 103 cm -a at 185 km at low and high 
solar activities, respectively. This variation of a factor 
of 3.3 is greater than that of the solar flux, because the 
GO mixing ratios are larger in the high solar activity 
model than in the low solar activity model. Reaction 
with O is the most important sink for GO + at these al- 
titudes. Dissociative recombination dominates the loss 
of N2 + and GO + only above altitudes of 210 and 220 kin, 
respectively, at high solar activity, and at slightly higher 
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altitudes at low solar activity. It is noteworthy that the 
peak total mass-28 ion density in the model is about 
half those measured by the PV OIMS measurements at 
high solar activity, which are of the order of 104 cm -3 or 
more [e.g., Taylor et al., 1980] and less than in previous 
models [e.g., Fox, 1982a; Paxton, 1988]. The model of 
Fox [1982a] exhibited peak total mass-28 ion densities 
of .-• 7 x 10 a cm -a. The difference is due to our adoption 
of recently measured values for the rate coefficients for 
reactions of O + (2D) and O+ (2p) with CO2 (reactions 
(R42) and (R51)) by Viggiano et al. [1990] and for reac- 
tions of O+(2D) and O+(2P) with N2 (reactions (R47) 
(RSS)) by Liet [lOO7b]. Viggiano et al. did not 
consider the channel of (R42) that produces CO +, and 
their mass resolution was coarse, but they concluded 
that the major channel by which the reaction proceeds 
is charge transfer. Liet al. argued that the nearly gas 
kinetic rate coefficient for (R47) measured by Johnsen 
and Biondi [1980] was inaccurate because of the diffi- 
culty of estimating the fraction of O+(2D) in their ex- 
periment. Liet al., however, consider their own cross 
sections and derived rate coefficients to be "estimates" 
rather than "measurements." Nonetheless, the rate co- 
efficients that we are using here are the best available, 
and it appears that there is again a significant discrep- 
ancy in the mass-28 ion densities measured by the PV 
OIMS and the model densities, which deserves a closer 
look. 
The solar activity variations of the peak densities of 
N + and total O + (O+(4S) -Jr- O+(2D) -Jr- O+(2P)), fac- 
tors of 7.9 and 5.1, respectively, are enhanced over those 
of the solar EUV fluxes because the mixing ratios and 
thus the densities of N and O increase also with solar 
activity. The N + peak densities in the low and high 
solar activity models of 480 and 3.8 x 103 cm -a, respec- 
tively, occur at 226 and 240 km, respectively. The peak 
densities of O+(4S) are 2.4 x 104 cm -a at 213 km and 
1.27 x 105 cm -a at 209 km, for the low and high solar ac- 
tivity models, respectively. As Figures 5a and 5b show, 
the high-altitude density variations of the electronically 
excited ions 0+(2/9) and 0+(2P)are smaller than that 
of O+(4S). The solar activity variations of the excited 
states at low altitudes are larger than that of the ground 
state because they are assumed to be produced by di- 
rect ionization only and not by dissociative ionization 
of CO2 or CO. The excited states of O +, like other ions 
whose parent neutrals have high ionization potentials, 
react at low altitudes with most of the neutral species 
in the Venus thermosphere, including species with high 
ionization potentials, such as N2 and 
The atomic ion peaks form at high altitudes because 
the only chemical loss processes are reactions with neu- 
trals, whose densities decrease with altitude. As is well 
known, the atomic ion densities would increase with 
altitude indefinitely, if diffusion did not eventually be- 
come more important as a loss mechanism than chem- 
ical reactions. Thus F2 peaks in the atomic ion den- 
sity profiles form where the lifetime for loss by diffusion 
is equal to that for chemical loss. These peaks in the 
atomic ions barely appear in the total electron density 
profile in the low solar activity model, but a prominent 
shoulder appears at the O + peak in the high solar ac- 
tivity model. This will be discussed further below. 
The peak C + density varies from 575 cm -3s -• at 
223 km in the low solar activity model to 1.03 x 104 
cm -3 s -• at 231 km in the high solar activity model. 
This large variation of a factor of 18 is due to the syn- 
ergistic effect of several factors. The major source of 
C + near the peak in the low solar activity model is 
photoionization of C. The C density varies by factor of 
,-• 9 near the C + peak from low to high solar activity. 
(The solar activity variation of atomic carbon will be 
discussed in section 5.2.) At high solar activity a sec- 
ond source becomes important, charge transfer of O + 
to C' 
(R39) O + + C --+ C + + O. 
Although the rate coefficient for this reaction has not 
been measured, our assumed value of 1 x 10- •ø cm a s- • 
is approximately that required to reproduce the max- 
ima in the C + profiles, which are of the order of 104 
cm -a, as measured by the PV OIMS at high solar ac- 
tivity [e.g., Taylor et al., 1980; Fox and Kliore, 1997]. 
As we have shown above, the O + densities also vary 
substantially with solar activity; near the C + peaks, 
the O + densities increase by a factor of ,-• 5 from low to 
high solar activity. From the lower ionosphere to above 
the peak, the major chemical oss process for C + is its 
reaction with CO2: 
(6o) C + + CO2 --• CO + + CO. 
The CO2 densities, however, increase by only a factor 
of 2-4 from low to high solar activities in the 200-225 
km altitude range in the VTS3 models, and thus the 
loss rates do not increase enough to compensate for the 
large increase in the production rates. 
At high altitudes the solar cycle variation of the mole- 
cular ion densities is opposite to that of the atomic ions; 
that is, they are anticorrelated with the solar flux. At 
300 km the O• +, NO + , CO}, N• +, and CO + densities 
decrease from solar minimum to solar maximum by fac- 
tors of 114, 66, 20, 9, and 5, respectively. The largest 
decreases are for those ions for which the most impor- 
tant loss process is dissociative recombination over a 
wide altitude range. Since the electron densities in- 
crease with solar activity, the loss rates of molecular 
ions by dissociative recombination also increase with 
solar activity. Thus, from low to high solar activities 
the model ionospheres exhibit composition changes, not 
just increases in the ion densities. At high solar activ- 
ity the atomic ions make up a larger fraction of the 
total ion densities than at low solar activity, and the 
effect is greater at high altitudes than near the elec- 
tron density peak. A similar composition variation for 
the nightside ionosphere was noted by Grebowsky ½t al. 
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[1993] from PV OIMS data during the teentry period 
of the PV spacecraft. On the nightside the atomic ion 
densities (and thus the electron densities) increase from 
low to high solar activity, owing to the increase in the 
day-to-night ion transport. Thus the molecular ions on 
the nightside also are depleted at high altitudes owing 
to greater loss by dissociative recombination. Near the 
molecular ion peak, where the major loss process for 
the dominant ions is dissociative recombination, the so- 
lar activity variations are reduced to the square root of 
the production rate (see equation (4)). 
Although we do not have in situ data about the ion 
composition at low solar activity, there are numerous ra- 
dio occultation profiles from PV and other spacecraft, 
including Venera 9 and 10, that cover the entire solar 
cycle. In our model the overall electron density profile 
exhibits two peaks. The major electron density peak 
of 2.9 x l0 s cm -3 occurs at 141 km in the low solar 
activity model; the electron density peak is a factor of 
.-- 1.6 larger, .-- 4.7 x l0 s cm -3 at 139 km in the high 
solar activity model. The main electron density peak 
was Observed at solar maximum, solar minimum, and 
during the declining phase of solar activity by PV ORO 
measurements over the 14-year lifetime of the space- 
craft. Cravens et al. [1981] reported an average peak 
electron density for 60 o solar zenith angle, as measured 
by the PV ORO, of 4.7 x l0 scm -3 at an altitude of 
140-141 km. The magnitude of the peak is in excellent 
agreement with our model, although the altitude of the 
measured peak is higher than that in our model by 1-2 
km. Cravens et al. also fitted the solar zenith angle 
dependences of the radio occultation measurements at 
high and low solar activities with Chapman models, and 
they found that the best fits were for subsolar peak elec- 
tron densities of 5 x l0 s and 7.4 x l0 s cm -3 for low and 
high solar activities, respectively. The model electron 
density peaks computed by Cravens et al. at 60 o SZA 
were in the range (5- 6.5) x l0 s cm -3, depending on 
the assumed profiles for Te and the adopted value for 
F•0.7. The Venera 9 and 10 measurements, which were 
at low solar activity, showed peak densities at 60 o SZA 
of .-- 3.6 x l0 s cm -3 [Aleksandrov et al., 1976], which 
are .--25% larger than our values. 
Kliore and Mullen [1989] analyzed 115 PV radio oc- 
cultation profiles and derived an equation for the day- 
side peak electron density as a function of solar activity 
and solar zenith angle )/: 
ne,max(Feuv, X) - (5.92 4- 0.03) x 10 •
x (Feuv / 150)ø'376+ø'ø•(cos X)0.•+0.0•., (s) 
where F•u• is an estimated value of F•0.7 corrected to 
the orbital position of Venus. For a solar zenith an- 
gle of 60 ø the peak electron densities computed from 
(5) are 3.2 x l0 s and 4.6 x l0 s cm -3, for solar mini- 
mum (F•0.7•75) and solar maximum (F•0.7•200), re- 
spectively. These values agree to, within 10% with our 
model values. 
A study of the variation of electron density n• mea- 
sured by the PV OETP with solar activity over the 27- 
day solar rotation period by Elphic ½t al. [1984] showed 
that n• in the lower ionosphere varied approximately as 
V•0.33 V•u• is a solar flux proxy derived from the rate U_IV ø 
of photoelectron production on the PV Langmuir probe 
(OETP) when it was outside the atmosphere [ .g., Brace 
½t al., 1988]. The exponent of the solar flux proxy, 0.33, 
is quite close to the exponent, 0.376, proposed by Kliore 
and Mullcn [1989] for longer-term solar variations. 
Average vertical electron density profiles for the 550- 
750 solar zenith angle range from radio occultation data 
taken at high solar activity (1979 and 1980) and low so- 
lar activity (1984 and 1986)were presented by Klior½ 
and Luhmann [1991]. The average peak density was less 
than 3 x l0 s cm -3 at low solar activity and increased 
by a factor of .-•50% from low to high solar activity, in 
very close agreement with our model values. The peak, 
however, appears slightly higher at high solar activity 
than at low solar activity in the average profiles, but 
it is near 140 km for all solar Zenith angles. The alti- 
tude of the main electron density peak in our model is 
determined by both the background atmosphere, which 
was taken from the VTS3 mode.[, and by the assumed 
electron temperature profile. The VTS3 rnodel was de- 
rived from in situ densities measured by the PV ONMS 
and the OAD experiment at high solar activity. The 
neutral densities in the VTS3 low solar activity model 
are extrapolations from the high solar activity model 
and are therefore less certain than the high solar activ- 
ity values. Our calculations indicate that the VTS3 low 
solar activity CO2 densities, which are larger than those 
at high solar activity below .-• i70 kin, may require a 
downward adjustment. 
Kcating and Hsu [1993] analyzed atmospheric drag 
measurements from the Magellan spacecraft and showed 
that the mass density at 1600 hours local time is .-• 
(1.2- 1.3) x 10 -•q g cm -3 in the 170-190 km range 
when F•0.7 was 110-145. Our low solar activity model 
(F•0.7=80) exhibits a mass density of 1.4x 10 -•q gcm -3 
at 180 km. This may also indicate that the low solar ac- 
tivity mass densities are somewhat too large, although 
the dominant constituent is O at this altitude. 
The altitude of the peak ion density, however, is also 
affected by the electron temperature profile adopted. 
The electron temperature T• is observed to depart from 
T, and increase rapidly near 140 km [e.g., Miller et 
al., 1980; Cravens ½t al., 1980]. The major loss process 
for the molecular ions in this region is dissociative re- 
combination, and the rate coefficients for dissociative 
recombination are usually proportional toT• -ø'5+ø'2, so 
in general the ion densities become greater as T• in- 
creases. We have found that the altitude at which the 
ion temperature is assumed to begin to increase rapidly 
in the model strongly affects the altitude of the peak. 
The measured Te profiles allow significant uncertainty 
in this altitude. The model calculations of Cravens ½t 
al. [1980] show a slight departure from the neutral tern- 
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peratures between 130 and 140 km and a large difference 
above 140 kin. 
Kim et al. [1989] compared high and low solar ac- 
tivity photochemical equilibrium models of the total 
ion densities to 16 individual PV ORO profiles at so- 
lar maximum and 11 at solar minimum. The average 
solar zenith angle at high solar activity Was 620 , and 
the average latitude Was 41ø; for th e lo w solar activ- 
ity measurements the average SZA was 67 ø, and the 
average latitude was 620 . The average measured peak 
electron density was 4.5 x 105 cm -a near 140 km at 
high solar activity and 2.8 x 105 cm -a near 139 km at 
low solar activity. Once again, the magnitudes of the 
measured electron density peaks are in excellent agree- 
ment with our values of 4.7 x 105 and 2.9 x 105 cm -a, 
but the altitudes of the peaks are slightly different. The 
standard deviations about the average measured peak 
altitudes were only 0.22 and 0.15 km at high and low 
solar activities, respectively, so different peak shapes or 
altitudes should not have a large effect on the average 
peak altitudes or densities in their analysis. Although 
Kim et al. computed density profiles for six ions, only 
the total electron densities were reported. The com- 
puted maximum electron densities were 4 x 105 and 
6 x 105 cm -a in their low and high solar activity mod- 
els, respectively. These values are larger than ours by 
.•30%; nonetheless, the predicted solar cycle variation 
of a factor of 1.5 is similar to ours. Their model electron 
density peak altitude of 137 km for solar maximum is 
even lower than ours, but the discrepancy may be due 
to the use of different photoabsorption coefficients for 
CO2, or more likely, to the difference in the assumed 
T• profiles. Above 160 km, Kim et al. [1989] achieved 
agreement with the low solar activity measured electron 
densities by adopting electron temperatures that were 
less than those measured at high solar activity. Their 
low solar activity T• profile was computed from 
T• - Tn + (T• - Tn)/2.5, (6) 
where T•* is the electron temperature from the empiri- 
cal model of Theis et al. [1984]. 
Because the PV orbiter penetrated below 145 km only 
rarely, the peak was not sampled often by in situ instru- 
ments. Median O RPA ion densities at 155 km were re- 
ported by Miller et al. [1984a]. For a solar zenith angle 
bin 6504-50 SZA the median density total ion density 
was 2.2 x 105 cm -a. The total average lectron den- 
sity measured by the OETP in the 150-155 km range 
at 550 SZA was 2.48 x 105 cm -a [Theis et al., 1984]. 
These values are smaller than our high solar activity 
total ion density at 155 km of 2.9 x 105 cm -a but are 
in acceptable agreement. 
A high-altitude peak in the O + density profile is pre- 
dicted by our model at both solar activities but is ap- 
parent as a shoulder in the total electron density profile 
only at solar maximum, with a value of .-• 1.7 x 105 
cm -a at 195 kin. At solar minimum the O + peak den- 
sity is 2.6 x 104 cm- a at 213 kin, and the electron den- 
sity profile shows only a change in slope, rather than a 
shoulder. The appearance of an F2 peak in the n• pro- 
file at solar maximum but not at solar minimum is due 
to the greater mixing ratio of O in the high solar activ- 
ity model. The O mixing ratio near 140 km, as we have 
seen, is a factor of.• 2 larger, and the O density near 200 
km is a factor of 2.8 larger at high solar activity than at 
low solar activity. The presence of a secondary peak or 
"ledge" has, however, been interpreted as evidence for 
magnetization of the ionosphere [ .g., Shinagawa e! al., 
1991; Woo and Kliore, 1991; Cravens, 1992; Cravens 
el al., 1997]. Our model suggests that if the actual O 
density profiles are similar to those of the VTS3 model 
at equatorial latitudes, an F2 Peak should be visible at 
solar maximum a•d therefore '• caution should be exer- 
cised before the presence of the peak is interpreted as 
evidence for magnetization of the ionosphere, especially 
at solar maximum. 
A review of the published radio occultation profiles, 
however, shows that a visible shoulder in this altitude 
region at high solar activity is seen only occasionally 
[Iiliore and Mullen, 1989; Kliore and Luhmann, 1991]. 
The PV ORO profiles were, however, mostly at higher 
latitudes, where the O mixing ratios may be smaller. 
If not, the VTS30 mixing ratios may be too large at 
high solar activity. In the VIRA model, which applies 
to F•0.7=150, the mixing ratio of O near the ion peak, 
.-•17% [Keating el al., 1985], is similar to our high solar 
activity of 20%. A study of the variation of the inten- 
sity of the O 1304-./i multipier over the dayside from PV 
OUVS images suggests that O brightnesses at latitudes 
greater than 300 in the morning sector were much lower 
than in the evening sector, and that at the high-latitude 
morning terminator the O mixing ratios are up to a 
factor of 2.5 lower than those at the evening terminator 
[Alexander el al., 1993]. This asymmetry is not reflected 
in the VTS3 model. Our study is based on the VTS3 
model at low latitudes, where little asymmetry in the 
1304-]k emission was observed. Alexander et al. [1993], 
however, showed also that the column brightnesses in- 
ferred from the PV OUVS measurements at equatorial 
latitudes near 1600 hours local time were up to 20% 
lower than those computed from the VTS3 model, in- 
dicating that the column densities of O were smaller 
than the integrated VTS30 density profiles, even at 
equatorial latitudes. Because of the uncertainty in the 
OUVS calibration, however, this could not be stated 
unequivocally. 
In addition, the three-dimensional model of Mengel 
el al. [1989] showed that horizontal transport greatly 
affects the neutral density distributions. In particular, 
variations are produced in the neutral densities that are 
not reflected in the VTS3 model. Their derived high 
solar activity O density at 170 km for their standard 
equatorial model with a thermospheric superrotation 
period of 6 days is less than half that of the VTS3 model 
at 1600 hours local time. As discussed previously, the 
Magellan drag data analyzed by Keating and ttsu [1993] 
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also showed that the low solar activity O density profiles 
may be overestimates. 
A comparison of our model electron densities at 200 
and 300 km to in situ and remote-sensing measurements 
also shows a discrepancy. Our model densities at 200 
and 300 km at high solar activities are • 1.7 x 105 and 
7.6 x 104 cm -3, respectively. The average ORO profiles 
presented by Brace and Kliore [1991] show electron den- 
sities at these altitudes of • 1 x 105 and 4 x 104 cm -3, 
respectively. The n, model of Theis e! al. [1984] shows 
even smaller densities of 8.95 x 104 cm -3 at 200 km and 
3.42 x 104 at 300 km. Since the major ion at this alti- 
tude is O + and the F2 peak is near 200 km, this may 
be further evidence that the O density profiles in the 
VTS3 models are overestimates. Our high solar activ- 
ity topside O + densities at both altitudes are too large 
by •60%. 
The only important loss process for O + at 200 km is 
O + + CO2 --• 02 + + CO. 
We adopted the rate coefficient for this reaction recom- 
mended by Anicich [1993], which is essentially equal to 
theoretical Langevin value of 1.1 x 10-9 cm 3 s- 1. Since 
the Anicich [1993] evaluation, Vi##iano e! al. [1992] 
measured the rate coefficient and found it to be nearly 
collisional at low energies and to decrease slightly at 
temperatures above 800 K. Use of the largest rate coef- 
ficient measured, 1.5 x 10 -9 cm 3 s -1 [Smith and Furtell, 
1972], reduces the O + peak density near 212 km by 
•10% and the electron density at 195 km by only 8%. 
Thus adopting a larger rate coefficient for this reaction 
does not reduce the visible shoulder in the electron den- 
sity profile. 
At low solar activity there are no dayside in situ 
data, so we can only compare our model to the PV 
ORO profiles, where average values of • 2.4 x 10 4 and 
1.9 x 103cm -3 at 200 and 300 km, respectively, are 
reported [Brace and Kliore, 1991]. These values rep- 
resent solar activity variations of a factor of 4 at 200 
km and up to a factor of 20 at 300 km. Our low so- 
lar activity model electron densities are 4.4 x 10 4 and 
1.63 x 10 4 cm -3, at 200 and 300 km, respectively, and 
the variations with solar activity are factors in the range 
3.7- 4.6. The average ORO density profiles near 300 
km appear very disturbed, with large oscillations, and 
the measured densities may be near the sensitivity of 
the instrument. Nonetheless, it is clear that the solar 
activity variation at 300 km is larger than our model in- 
dicates and may be an order of magnitude or so. If so, it 
is possible that the values for • and/or T• that we have 
adopted, which are nearly the same as those at high so- 
lar activity, are too large at high altitudes. A reduction 
in the plasma temperatures would decrease the scale 
height of the ions on the topside, as Kim et al. [1989] 
showed. Mahajan and Mayr [1989] argue that the Venus 
low solar activity ionosphere is compressed by the in- 
teraction with the solar wind, which induces downward 
and horizontal transport of ions, resulting in a "pho- 
todynamical" ionopause. In this situation the O + ions 
on the topside take on the scale height of the underly- 
ing neutral O, which is half that of the ion. Luhrnann 
e! al. [1987] suggested that the compressed nature of 
the ionosphere at solar minimum is evidence that the 
ionosphere is permeated by large-scale magnetic fields, 
which occurs when the ionospheric plasma pressure is 
not large enough to withstand the solar wind dynamic 
pressure. In any case, the interaction with the solar 
wind with the top of the atmosphere may produce a 
loss process for ions that we are unable to mimic in our 
one-dimensional models without magnetic fields. 
It is noteworthy that the solar activity variations at 
the ion peak and above the ion peak on the dayside 
are very different, both in the measurements and in the 
models. The variation of the peak is •50-60% from so- 
lar minimum to solar maximum, a factor of • 4 at 200 
km and a factor of 5-10 or more at 300 km. The vari- 
ations in the EUV fluxes, which produce the ions over 
most of the altitude range near and above the peak, are 
of the order of 2 - 3. Thus there is a clear difference 
in the solar activity response at low altitudes and at 
high altitudes. This behavior is also seen on the night- 
side and has been interpreted as evidence that there are 
two different sources of ionization, ion transport from 
the dayside and electron precipitation, with very differ- 
ent solar activity dependences [e.g., Kliore e! al., 1991; 
Knudsen e! al., 1987]. We see here, however, that one 
cannot draw such a conclusion a priori. Indeed, the so- 
lar activity behavior of the molecular ions reverses ign 
from the peak to altitudes substantially above the peak. 
Thus the difference in solar activity response at high al- 
titudes and low altitudes for both day and night may 
be caused by differences in the chemistry of atomic and 
molecular ions, in the underlying atmosphere, and/or 
in the plasma and neutral temperature profiles, rather 
than being indicative of differences in the sources of 
ionization. 
5.2. Minor Neutral Density Profiles 
We have also computed the density profiles of NO, 
N(4S), N(2), N(2), C, O(•D), and O(•S)from 90 
km to the upper boundaries of the models, and the re- 
sults are shown in Figures 6a and 6b. The NO and N 
density profiles have been modeled previously by ti•usch 
and Cravens [1979], by Fox [1982a], and 'by G•rard e! al. 
[1988]. The NO density profiles show little solar activity 
variation. The densities at 105 km are 1.12 x 10 s and 
1.16 x 10 s cm -3 at low and high solar activities, respec- 
tively. Between 120 and 200 km the NO densities are 
slightly anticorrelated with solar activity. This reflects 
an increase in the major loss processes at high solar ac- 
tivity. Densities at 125 km of 8.8 x 106 and 6.3 x 106 
cm -3 are predicted for solar minimum and solar max- 
imum, respectively. In the lower thermosphere, NO is 
produced mainly by the reaction 
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(R83) N(2D) + CO•, -• NO + CO. 
The analogous reaction of N(4S) with CO2, 
(R80) N(4•q) + CO•, --+ NO + CO, 
becomes more important above .-• 125 km if the rate co- 
efficient is close to that assumed in the standard model, 
1 7 x 10- •6 cm a s- • which is the upper limit reported by ß , 
As discussed in section 3, it is possible that the rate 
coefficient for this reaction, which is spin forbidden, is 
much less than this value, and we discuss the effects 
of that assumption below. NO is destroyed mainly by 
the reaction with N, reaction (R82) over most of the 
thermosphere, although charge transfer f om 02 + to NO 
(reaction (R17)) becomes more important below--•120- 
125 kin. Both the N and 02 + densities increase with 
solar activity. The model NO densities below 95-100 
km are highly dependent on the bottom boundary con- 
dition and should not be considered reliable. An arbi- 
trary positive slope on the density profile, and thus a 
downward flux, was imposed at 90 km and varied in or- 
der to achieve a steady state solution to the continuity 
equation. The peak at 95 km may thus be an artifact 
of the boundary condition; it is possible that the NO 
densities continue to increase even below the bottom 
boundary at 90 kin. 
The N(4•q) density profile exhibits a peak of 3.4 x 
107 cm -a at 138 km for solar minimum conditions and 
1.0 x l0 scm -a at 135 km for solar maximum condi- 
tions. This variation of about a factor of 3 is smaller 
than the variation of the major source mechanisms of 
a factor of -• 5 near the peak. The major sources at 
the density peak are direct production by photodissoci- 
ation and photoelectron impact dissociation of N2, and 
a few chemical reactions, including quenching of N(2D) 
by CO and O (reactions (R84) and (R86)), dissociative 
recombination of NO + (reaction (R122b)), and charge 
transfer of N + to COs (reaction (R28b)). The major 
loss processes are the reaction with NO (reaction(R82)) 
and 
+ NO+ + O, 
with the former dominating at low solar activity and the 
latter dominating at high solar activity. The increase in 
the density of 02 + with solar activity leads to an increase 
in the loss rate by (R15). This is largely responsible for 
the damping of the variation in the peak N density that 
is observed compared to that of the source functions. 
If the rate coefficient for (R80), ks0, is much less 
than 10- • 6 cm 3 s- •, the results differ considerably. We 
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Figure 7. A comparison of atomic nitrogen densities computed from the standard (ks0 - 
1.7 x 10 -•) and alternative (ks0 = 1.7 x 10 -•) models with the VTS3 N densities for high 
and low solar activities. The solid curves are the N density profiles for the standard model, the 
dotted curves represent those for the alternative model, and the dashed curves are the VTS3 
model densities from Hedin et al. [1983]. The NO density profiles for the standard model (solid 
curves) and the alternative model (dotted curves) are also shown for comparison. Little solar 
activity variation of the NO profiles is observed for either model. 
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preseni our computed N and NO density profiles both 
for the standard model and for an alternative model in 
which k8o is assumed to be a factor of 1000 smaller, 
1.7 x 10 -•9 cm 3 s -1 and we compare the N density pro- 
files to those input from the VTS3 model in Figure 7. 
The computed N densities for this model are slightly 
larger above --. 140 km, and the density profiles peak 
at lower altitudes and larger values. For solar mini- 
mum the peak in the N density profile appears at 120 
km, with a value of 1.1 x 108 cm-3; at solar maximum 
the peak altitude is 117 km, and the peak density is 
2.8 x 108, factors of 2.8-3.5 larger than the standard 
model. The NO profile exhibits a complex structure, 
with an upper peak density of .-- 1 x 106 cm -3 near 137 
km for both models and a local minimum in the range 
117-120 km. The NO densities begin to increase again 
below this altitude. Near the bottom boundary of the 
model the NO densities are smaller than those in the 
standard model, with 95 km values of 1.3 x 10 7 and 
4.4 x 10 7 cm -3, for low and high solar activities, respec- 
tively. If k8o is assumed to be zero, near the bottom 
of the model, NO is greatly depleted, and the N den- 
sities peak near the boundary, with values at 100 km 
exceeding 109 cm -3. 
At 300 km, for the standard models, the predicted 
N densities are 5.6 x 103 and 5.0 x 104 cm-3 for low 
and high solar activities, respectively. These values are 
--.25% larger than the VTS3 model values of 4.5 x 10 3 
and 4.0 x 104 cm -3. At 300 km in the alternative model 
the N densities are larger than both the standard model 
and the VTS3 model, but the difference is not great, 
and the high-altitude profiles cannot be used to esti- 
mate k8o. The differences in the various N profiles near 
and below the peak are, however, substantial. For the 
standard model the computed peak N(4S) densities ap- 
pear at higher altitudes with much smaller values than 
the VTS3 model for both high and low solar activities. 
The VTS3 model exhibits peak N densities of 2.4 x 108 
and 5.7 x 108 cm -a near 125 km for low and high solar 
activities, respectively. For the alternative model the 
peaks are lower, in the range 117-120 km, with values 
of 1.54 x 108 and 2.8 x 108 cm -'3, about a factor of 
2 smaller than the VTS3 values. The VTS3 model is, 
however, based on in situ data from the PV orbiter, for 
which periapsis rarely fell below 140 km, and the VTS3 
N densities below --. 140 km were guided by the pho- 
tochemical model of flusch and Cravens [1979]. Our 
low-altitude model N density profiles therefore cannot 
be distinguished by comparing them to the VTS3 model 
values. A definitive measurement of k8o would be help- 
ful. Alternatively, in situ measurements of odd nitrogen 
densities in the lower thermosphere of Venus would help 
to constrain the value of k8o, although, unfortunately, 
no such measurements are planned for the near future. 
, 
The N(2D) profiles exhibit peak densities of 2.5 x l0 s 
and 5.2 x l0 s cm -3 near 152 km at low and high so- 
lar activities, respectively. At those altitudes, N(2D) is 
produced mainly in photodissociation and electron im- 
pact dissociation of N2, with substantial contributions 
from dissociative recombination of NO +, radiation from 
N(2P), and quenching of N(2P) by O. The major loss 
processes are reaction with CO2 and quenching by CO 
and O, with a smaller contribution from quenching by 
electrons. The peak increase by a factor of 2 from so- 
lar minimum to solar maximum is slightly smaller than 
the increase in the magnitude of the production rates, 
which is a factor of 2.6. The damping is due to a larger 
increase in the rates for quenching by CO and O, the 
mixing ratios of which are enhanced at higher solar ac- 
tivity. 
The solar activity variation of the peak density of 
N(2P), a factor of 2.0, is similar to that of N(2D). 
N(2P) exhibits a peak density of 3.7 x 103 cm -3 near 
147 km at low solar activity and at 7.5 x 10 3 cm -3 near 
145 km at high solar activity. The major production 
mechanisms are photodissociation and electron impact 
dissociation of N2. The major loss process at the peak 
is radiation to N(2D) and N(4S), with significant de- 
struction due to quenching, mostly by O. The increase 
in the peak densities is damped slightly compared to 
that of the production rates, which increase by a factor 
of 2.3, owing to the increase in the rate of collisional 
deactivation by O, the mixing ratio of which increases 
with solar activity. 
We can compare our computed high solar activity 
density profiles for odd nitrogen species with those pre- 
dicted by Girard ½t al. [1988]. Gdrard et al. included 
the reaction of N(4S) with CO2 in their odd nitrogen 
scheme but did not specify the rate coefficient that they 
used. Since their model showed a high-altitude peak for 
NO, we compare their predictions to our high solar ac- 
tivity alternative model. The N densities for the two 
models at 200 km are similar, but the peak densities 
are different. While Gdrard et al. predict a peak den- 
sity of N at 126 km of 6 x 10 7 cm -3, our N density peak 
is 9 km lower and a factor of 4.7 larger. The NO profiles 
peak at approximately the same altitude, near 137 km, 
but the NO density at this altitude in the Gdrard et 
al. model is --• 3 x 106 cm -3, a factor of 3 larger than 
our value. Below the peak their NO densities fall off to 
zero rapidly. In all of our models the densities of NO 
increase below --. 115 km. The major source of NO in 
our model at low altitudes is reactions of N(2D) with 
CO2 (reaction(RS3)), and the major source of N(2D)is 
dissociative recombination of NO +. Ions are produced 
near the bottom of our model by X-ray photoionization 
and the concomittant photoelectron impact ionization, 
and NO + is the terminal ion for many charge transfer 
and other ion-molecule reactions that take place in this 
region of high neutral densities. No other ion density 
is significant below • 110 km. The source of the dif- 
ferences with the Gdrard et al. model, in addition to 
possible differences in the rate coefficient for reaction 
(RS0), include many updated rate coefficients for other 
reactions. Gdrard et al. did not consider harder X rays, 
but they influence the N and NO densities only below 
.• 120 kin. 
The chemistry of atomic carbon in the Venus ther- 
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mosphere has been discussed by Krasnopolsky [1982] 
and by Foz [1982b]. The major source of C is direct pro- 
duction by photodissociation of CO, with a smaller con- 
tribution due to photoelectron impact dissociation. At 
high altitudes, CO + dissociative r combination (reac- 
tion (Rl19)) becomes dominant. The major loss process 
for C is reaction with 02. An 02 mixing ratio of 3 x 10 -3 
was inferred by Paxton [1985] from the C density pro- 
files determined from the limb profiles of the C I 1561- 
and 1657-• emissions measured by the PV OUVS. For 
this 02 mixing ratio our model atomic carbon profile 
peaks near 154 km with a density of 3.5 x 105 cm -3 
at low solar activity, and near 155 km with a density 
of 1.86 x 106 cm -3 at high solar activity. This factor 
of 5 increase in the C density is due to a combination 
of larger EUV fluxes and larger CO densities at high 
solar activity. As stated in section 4, the CO mixing 
ratio is a factor of 1.75 larger at 140 km in the high so- 
lar activity model than in the low solar activity model. 
At higher altitudes the solar activity variations in the 
C densities are larger than those at the peak. The in- 
crease in C density from low to high solar activity is a 
factor of nearly 8 at 200 km and a factor of • 16 at 300 
km, mostly owing to the higher neutral temperatures 
and thus larger scale heights at high solar activity. 
The peak atomic carbon der. s•ty in the present model 
is a factor of 2.7 less than the va.lue 5 >< 106 cm -3 re- 
ported by Fox [1982b], partly because the low-resolution 
CO photodissociation cross sections of Cook et al. [1965], 
which were used in that model, have been substituted 
by the high-resolution cross sections constructed by For. 
and Black [1989] to account for the discrete nature of 
the absorption in the 889-1118 ]• region. In this wave- 
length region, dissociation occurs by line absorption 
into predissociating states, and Fox and Black found 
that the total photodissociation rate was reduced when 
these cross sections were used. In addition, the rate 
coefficient for destruction of C by reaction with 02 (re- 
action (R102)) at 300 K has been revised upward from 
3.3 x 10 -• to 4.9 x 10 -• cm3s -• [Uhastaing et al., 
2000]. Thus the model C densities are probably no 
longer compatible with the measurements of the ultravi- 
olet lines of C by the PV OUVS, and the thermospheric 
02 mixing ratio may be less than the adopted value 
of 3 x 10 -3 by a factor of • 3. If so, the rate co- 
efficient for charge transfer of O + to C inferred here, 
1 x 10-•0 cm 3 s-•, may be too large by a factor of • 3. 
A simultaneous reanalysis of the chemistry of C, the PV 
OUVS atomic carbon emissions, and PV OIMS C + den- 
sities is probably warranted before definite conclusions 
can be drawn. 
The density profiles of O(•D) and O(•S) are also 
shown in Figures 6a and 6b. The O(xD) density peak 
in the low solar activity model is • 2.8 x 104 cm -3 
at 162 kin, and that in the high solar activity model 
is • 1.03 x 105 cm -a at 169 km. This factor of 3.7 
enhancement from low to high solar activity is larger 
than that of the solar EUV fluxes. As Fox and Dalgarno 
[1981] showed previously, the major column-integrated 
source of O(•D) is photodissociation f CO2, but since 
O(•D) is efficiently quenched, near the density peak 
(160-170 km) the production is about half by disso- 
ciative recombination f O2 +, and the remainder isdue 
about equally to photodissociation of CO• and to ra- 
diation from O(•S). The loss processes near the peak 
are •75% quenching, and the rest are by radiation to 
the ground state at 6300/6364 •. Near 200 km, dissocia- 
five recombination becomes the most important source, 
and the loss is mainly by radiation. The predicted in- 
tegrated intensity of the O 6300-fi red line is 1.12 kR 
at low solar activity and 5.0 kR at high solar activity. 
Fox and Dalgarno [1981] predicted an intensity of 0.73 
kR for a (pre-Pioneer Venus) low solar activity model of 
the Venus thermosphere. Fox [1992] predicted a red line 
emission rate of 5.6 kR for a high solar activity model 
of Venus based on PV data. Since the most important 
source of O(XD) is dissociative recombinationof O2+in 
the regions where quenching is not effective, the pre- 
dicted emission rate depends on the assumed yields of 
the ground and excited metastable states of O in the dis- 
sociative recombination f O• +. We have used here the 
recently measured branching ratios for the energetically 
allowed channels (reactions (R120a)-(R120d))obtained 
from an ion storage ring by K½lla et al. [1997]. 
For O(•S) the most important source is photodis- 
sociation of CO2; dissociative r combination f O• + is 
unimportant, contributing only •6% of the total pro- 
duction at 140 km in both models. The O(•S) den- 
sity profile exhibits two peaks as shown previously by 
Fox and Dalgarno [1981] and LeCompte e! al. [1989]. 
The upper peak is due to photodissociative excitation 
of CO• by solar photons with wavelengths mostly less 
than • 1170 .•, and the lower peak is due to dissociative 
excitation of CO2 by Lyman alpha photons, which pen- 
etrate deeper in the thermosphere. The peaks at high 
solar activity are predicted to be 7.0 x 104 cm -3 at 115 
km and 2.9 x 104 cm -3 at 139 km. At low solar activity 
the peak densities are 2.4 x 104cm -3 at 118 km and 
1.2 x 104 cm-3 at 142 km. The variation of the upper 
peak is thus a factor of 2.4, and that of the lower peaI•'is 
a factor of 2.9; these values directly reflect the variation 
in Hinteregger solar fluxes in the EUV and at Lyman 
alpha, respectively. The integrated overhead intensities 
of the atomic oxygen 5577-• green line, which arises 
from the transition O( • S) -• O( • D), are 48 and 129 kR 
for the low and high solar activity models, respectively. 
The transition from O(•S) to the ground O(aP)state 
gives rise to the emission at 2972 •. The predicted over- 
head integrated intensities are 2.0 kR at solar minimum 
and 5.5 kR at solar maximum. Fox and Dalgarno [1981] 
predicted overhead intensities of 48 and 2.4 kR for the 
green line and the 2972-• emission bands, respectively; 
these intensities are slightly larger than the low solar 
activity values reported here. The oxygen airglow in- 
tensities computed here are summarized in Table 6. 
L½Compt½ t al. [1989] analyzed limb profiles of the 
2972-• emission measured by the PV OUVS during the 
early high solar activity portion of the mission. The 
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Table 6. Integrated Overhead Intensities of 0 Airglow Emissions 
at Low and High Solar Activities 
Wavelength, Intensities, kR 
Transition • Low High 
O( • D)-• O(aP) 6300 1.12 5.0 
O( • $)--> O( • D) 5577 48. 129. 
0( 1S)'--• O(aP) 2972 2.0 5.5 
measured zenith intensity for orbit 187, which was at 
a local time of 1230 for near equatorial latitudes, was 
7 kR compared to 9 kR for their model intensity. Our 
predicted intensity of 4.7 kR is for a solar zenith an- 
gle of 600 . The prediction is thus in reasonable agree- 
ment with the measurements. LeCompte et al. modeled 
the limb profiles and obtained fairly good agreement at 
high altitudes, but between 105 and 120 km their model 
emission rates were much larger than the measured val- 
ues. They attributed this difference to the departure of 
the actual temperatures from the model values due to 
gravity waves and to the resulting enhanced quenching 
of O( • S). 
6. Summary and Conclusions 
We have constructed models of the low and high so- 
lar activity thermospheres and ionospheres of Venus for 
equatorial latitudes and 1600 hours local time. Our 
computations have shown that the production rates of 
some of the ions (CO2 +, N2 +, and NO +) at their peaks 
vary with solar activity by a factor of • 2.5, approx- 
imately as the solar EUV fluxes. The solar activity 
variation of O + production, both in the ground and 
excited states, and that of CO + were found to be en- 
hanced over that of the EUV solar fluxes, owing to the 
greater mixing ratios of the neutral species from which 
they are formed. The variation of the He + peak pro- 
duction is larger than that of other ions because the 
variation of the solar fluxes at wavelengths shortward of 
the ionization threshold, 504.8 ]i, is larger than that of 
longer-wavelength solar photons. Since the H densities 
decrease with solar activity, the production rate peak of 
H + is also anticorrelated with solar activity. The pro- 
duction peak is also found higher in the atmosphere, 
as is typical for an ion formed from a light species in 
an atmosphere in which the primary absorber is much 
heavier. 
The variations of the peak ion densities with solar ac- 
tivity are summarized in Table 5. 02 + is the major ion 
over the range 120-190 km, and its peak density varies 
by a factor of • 1.6, approximately as the square root 
of the solar flux. At altitudes less than 120 km, NO + 
dominates. In regions of high neutral densities such 
as the lower thermosphere of Venus, ionization flows 
from species whose parent neutrals have high ionization 
potentials to those that have low ionization potentials. 
Since the ionization potential of NO is the lowest of any 
of the atmospheric species considered here, its only loss 
process is dissociative recombination, and it is the ter- 
minal ion in the lower ionosphere. Direct production 
by ionization of NO is not important, because NO + 
is formed in many ion-molecule reactions in the ther- 
mospheres of the terrestrial planets. The NO + density 
profile is complex and exhibits two peaks, which reflect 
the altitude variations of the production processes. 
Since they are destroyed mainly by reactions with 
neutrals rather than by dissociative recombination, both 
CO + and N + peak high in the atmosphere. Their den- 
sities increase with altitude as the neutral densities de- 
crease. The solar activity variation in the N2 + peak is 
about a factor of 2, which is slightly less than that of 
the solar fluxes, because the increase in the production 
mechanisms is countered by the increase in the neutral 
densities with which it reacts from low to high solar ac- 
tivity. The peak in the CO + profile, however, increases 
by a larger factor of 3.3 from low to high solar activ- 
ity because the mixing ratio of CO is enhanced at solar 
maximum, and the total production rate increases faster 
than the total loss rate as the solar activity increases. 
The peak densities of the atomic ions, O +, N +, and 
C +, increase by relatively large factors of 5.2, 7.8, and 
18 from low to high solar activity because their parent 
neutrals, O, N, and C, are photochemically produced 
and also exhibit large solar cycle variations. The C + 
density solar activity variation is greatly amplified com- 
pared to that of the solar fluxes because C + is produced 
from C, which is itself enhanced because it is formed 
by photodissociation of CO, the densities of which also 
exhibit large solar activity variations. The larger vari- 
ations of the atomic ion densities compared to those of 
the molecular ions produce a composition variation, in 
which the ratio of atomic to molecular ions increases 
with solar activity. In fact, the increase in the densi- 
ties of atomic ions and thus electron densities at higher 
altitudes leads to an inverse response of the molecular 
ions on the topside, because they are destroyed at high 
altitudes by dissociative recombination. 
Since there are no daytime in situ data at low so- 
lar activity, only radio occultation electron density pro- 
files are available to compare to our low solar activity 
model. Our predicted electron-density peak varies from 
2.9 x 105 to 4.7 x 105 cm -a, from low to high solar activ- 
ity, in good agreement with the PV ORO profiles. The 
high solar activity electron density peak also agrees well 
with the O ETP measurements. The computed electron 
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density peak is, however, at a higher altitude in the so- 
lar minimum model than in the solar maximum model, 
in contrast to the measured profiles. This may indi- 
cate that the low solar activity VTS3 CO2densities are 
inaccurate below ,-• 160-170 km. Alternatively, it could 
indicate an error in the adopted T• profiles, which begin 
to diverge from Tn near the ion peak. 
In our models the high solar activity O + profile ex- 
hibits an F2 peak that appears as a visible shoulder in 
the electron density profile. Such a peak is only occa- 
sionally seen in the high solar activity radio occultation 
profiles. The P V O RO measurements were mostly, how- 
ever, at higher latitudes. This may indicate either that 
the VTS30 mixing ratio is too large at high solar ac- 
tivity or that it is lower at high latitudes than at low 
latitudes. 
The model electron densities in the 200-300 km range 
are too high by ,-•60%. Our model also underestimates 
the solar activity variation of the electron density at 300 
km, where the low solar activity electron densities are 
much larger in the model than the average ORO profile 
shows. Both of these phenomena may also indicate that 
the model O densities or our assumed low solar activity 
ion and/or electron temperatures are too high. In addi- 
tion, at high altitudes the ion densities will be reduced 
by day-to-night transport, which is known to take place 
and to produce the nightside ionosphere. This effect can 
be represented in a one-dimensional model by putting 
an upward flux boundary condition on the ions. Pre- 
liminary calculations, however, indicate that the magni- 
tude of this effect is not sufficient to produce the reduc- 
tion needed in the low solar activity model at 300 km. 
It is also possible that the direct interaction of the so- 
lar wind with the ionosphere cannot be mimicked near 
the ionopause in a one-dimensional model that does not 
incorporate magnetic fields [e.g., Luhmann et al., 1987]. 
In any case, both the measured and model solar ac- 
tivity variations of the dayside electron density profile 
exhibit a strong altitude dependence, even though the 
source of ionization is photoionization and photoelec- 
tron impact ionization at all altitudes. The observed 
and measured variations range from a factor of 1.6 at 
the peak to about a factor of 4 at 200 km, to factors 
in the range 5-20 at 300 km. This same behavior is 
observed on the nightside but has been interpreted as 
evidence that different sources of ionization operate at 
different altitudes. This conclusion is not justified un- 
less the solar activity response of the underlying neutral 
atmosphere, of the neutral, ion and electron tempera- 
tures, and of the differences in the identity and chem- 
istry of the constituent ions at each altitude are taken 
into account. Indeed, the altitude varig[ion of the so- 
lar activity response of the nightside ionosphere mirrors 
that of the dayside ionosphere. 
Among the minor neutrals, we have computed the 
density profiles of the odd nitrogen species NO, N(4S), 
N(2D), and N(2P). The predicted ensity profiles of N 
and NO depend on the assumed rate coefficient for the 
reaction of N(4S) with CO2 (reaction(R80)), for which 
various upper limits have been measured. The com- 
puted topside N density profiles fit the VTS3 values only 
slightly better for values of ks0 near 10-•6 cm a s-•, and 
the N density profile exhibits a factor of 3 solar activity 
variation at its peak. The N density peak is, however, 
a factor of 3 larger and 20 km lower for an alterna- 
tive model in which ks0 is assumed to be 10-•9 cm a s-•. 
For either case the NO density profile shows little solar 
activity variation, although the profile exhibits a local 
peak near 137' km in the alternative model. This con- 
trasts with the profile for the standard model, in which 
the density profile shows only a small shoulder near 137' 
km and then continues to increase as the altitudes de- 
creases. 
Atomic carbon is predicted to peak near 155 km, and 
a large variation of a factor of 5 is predicted from low 
to high solar activity. Because of revisions in cross sec- 
tions and rate coefficients in the past few years, our 
computed C densities are smaller than previous models 
have predicted. A comparison of our model densities 
to those required to reproduce the C 1561- and 1651-A 
atomic carbon limb profiles measured by the PV OUVS 
suggests hat the adopted 02 mixing ratio of 1 x 10 -3 
is too large by a factor of--• 3, and the assumed rate 
coefficient for the charge transfer reaction of O + to C 
(reaction(R39)), 1 x10-•0 cm a s-•, is also verestimated 
by a similar factor. A detailed study of the PV OUVS C 
emission intensities and the OIMS C + densities is prob- 
ably warranted before more precise values are deduced 
for the 02 mixing ratio and for ks9. 
From the solar minimum to the solar maximum model, 
the peak O( • D) densities increase by a factor of 3.7', 
and the integrated overhead intensity of the O( • D) -• 
O(aP) red line at 6a00/6a64 A is predicted to be 1.1 
kR at low solar activity and 5.0 kR at high solar activ- 
ity. The integrated overhead intensity of the O( • S) -• 
O( • D) 5577-• green line is 48 kR in the solar minimum 
model and 129 kR in the solar maximum model; the 
corresponding tensities of the O(•S) -• O(3P) 2972- 
• line are 2.0 and 5.5 kR. 
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